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Abstract 
Progress in nanotechnology has promoted an increasing interest in the rational de-
sign of the emerging hierarchical aerogels, which represents a second stage of the 
NC-based aerogel research. By fine-tuning the surface properties of the backbones, 
metallic hierarchical aerogels are able to address the growing demands of advanced 
electrocatalysts. In this dissertation, three types of metallic hierarchical aerogels 
were designed by introducing different nanostructures (i.e. hollow, porous/dendritic 
and core-shell) and alloy effects (with noble or transition metals) into the aerogels. 
Thus, as a proof-of-concept for fuel cells, advanced electrocatalytic performances 
have been achieved on the resulting metallic hierarchical aerogels towards both an-
ode (oxidation of ethanol) and cathode (reduction of oxygen) reactions. 
First, alloyed PdxNi hollow nanospheres with controlled composition and shell thick-
ness were utilized as building blocks for the design of hierarchical aerogels. The 
combination of transition-metal doping, hollow interior, as well as the 3D aerogel 
structure make the resulting aerogels promising electrocatalysts for ethanol oxida-
tion with a mass activity up to 5.6-fold higher than that of the Pd/C. Second, con-
tinuously shape-engineering of the building blocks (ranging from hollow shells to 
dendritic shapes) was achieved by the synthesis of a series of multimetallic Ni-
PdxPty hierarchical aerogels. By optimization of the nanoscale morphology and the 
chemical composition, the Ni-Pd60Pt40 aerogel exhibits remarkable electrocatalytic 
activity for oxidation of ethanol. Moreover, the particle growth mechanism underly-
ing the galvanic replacement was revealed in terms of nanowelding of the nanopar-
ticulate reaction intermediates based on experimental and theoretical results. Third, 
a universal approach was demonstrated for core-shell structuring of metallic aero-
gels by coating of an ultrathin Pt shell on a composition-tunable Pd-based alloyed 
core. Their activities for oxygen reduction exhibit a volcano-type relationship as a 
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function of the lattice parameter of the core substrate. Largely improved Pt utiliza-
tion efficiency was accomplished based on the core-shell motifs, as the mass activi-
ty reaches 5.25 A mg-1Pt which are 18.7 times higher than those of Pt/C. 
Different from the conventional aerogels with nanowire-like backbones, those hier-
archical aerogels are generally comprised of at least two levels of architectures, i.e. 
an interconnected porous structure on the macroscale and a specially designed con-
figuration at local backbones at the nanoscale. This combination “locks in” the in-
herent properties of the NCs, so that the beneficial genes obtained by nano-
engineering are retained in the resulting monolithic hierarchical aerogels. These re-
sults expand the exploitation approach of the electrocatalytic properties of aerogels 
into morphology control of their NBBs and are of great importance for the future 
development of aerogels for many other electrochemical reactions. 
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1.1. What is metallic aerogel? 
Aerogels are synthetic solid materials with ultralow density, high continuous porosi-
ty and extremely large surface area, making them of immense importance in vari-
ous applications such as catalysis, energy storage, piezoelectrics, thermoresistors, 
and sensors.[1] The research on aerogels has been originated from the pioneering 
work on the synthesis of silica aerogels based on tetramethoxysilane in the early 
1930s.[2] Since then, research on functionalities and applications of aerogels has 
been extensively explored by widening the molecule-based precursors from inor-
ganic (e.g. metal oxide, carbide) to organic (e.g. polymer, cellulose) and carbon 
(e.g. carbon nanotubes, graphene) materials.[3] For these conventional aerogels, 
their hydrogels are generally obtained from gelation of the solution of certain mole-
cule precursors. It should be noted that this gelation process is usually based on 
condensation/polymerization reactions of the molecule precursors, thus restricting 
the possible precursor materials and limiting the modification of surface properties. 
Correspondingly, special interests shifted to the use of colloidal nanocrystals (NCs) 
as the precursors, which implies tremendous opportunities to design and synthesize 
aerogels with desired physical and chemical properties. 
The combination of well-developed colloidal NCs and aerogel synthesis remained 
unfeasible until the groundbreaking research of the assemblies of semiconductor 
NCs into aerogel frameworks by the Brock group.[4] Afterwards, pure metallic aero-
gels evolved from pre-synthesized noble metal NCs were firstly accomplished in our 
group.[5] Their corresponding sol-gel process is based on the controllable destabili-
zation (i.e. self-assembly) of the colloidal NCs which leads to the three-dimensional 
(3D) interconnected monolithic hydrogels soaked with solvent.[6, 7] 
Over the past years, aerogels built from various metal and semiconductor NCs have 
proven to bridge the nano world with that of materials of macro dimensions that 
can be easily manipulated and processed while maintaining the nanoscale proper-
ties.[8] The resulting aerogels inherit the properties and functions from the parent 
NCs while maintaining the aerogel nature, which frequently leads to amplification of 
the inherited properties and results in features that are unique to the aerogels. For 
instance, they exhibit ultrahigh surface areas (semiconducting: ranging from 188 to 
234 m2 g-1; metallic: ranging from 32 to 168 m2 g-1) and extremely low monolith 
densities (semiconductor: around 0.08 g cm-3; metallic: around 0.01 g cm-3) while 
the quantum confinement effect and highly electrocatalytic activity are maintained 
in the corresponding aerogels.[7, 9] 
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Metallic aerogels, assembled from noble metal colloidal nanoparticles (NPs), are of 
enormous scientific and technological interest owing to their ultralow density, high 
surface area, and large open interconnected pores. As illustrated in Figure 1.1a, the 
general synthesis of noble metal aerogels via the sol-gel process consists of three 
steps: i) the synthesis of building blocks (i.e. colloidal metal NPs); ii) the destabili-
zation/gelation of building blocks into a hydrogel and iii) the supercritical drying of 
the hydrogel to yield an aerogel. During the step i, citrate and cyclodextrin are fre-
quently utilized as the stabilizers to narrow the size distribution of the metal NPs.[9] 
The relatively weak coordination interactions between the stabilizers and the metal 
NPs is critical for the followed gelation step, which can be realized via an spontane-
ous gelation process[10, 11] or via controlled destabilizations (by heating[12] or adding 
salt[5] and cross-linkers[13]). Starting from individual spherical metal NPs, a 3D net-
work composed of randomly interconnected nanowires is generally formed for the 
hydrogels (Figure 1.1b-c).  
 
Figure 1.1. a) Schematic illustration of sol-gel synthesis of metallic aerogels from 
gelation of pre-formed colloidal NPs into hydrogels followed by super-
critical drying into aerogels. TEM images of b) starting metal NPs and 
c) the formed hydrogel, taking Pd aerogel as an example.  
The resulting hydrogels are transferred into solid and porous aerogels by supercriti-
cal drying. The drying step, i.e. the removal of the interstitial solvent from the hy-
drogel, can lead to considerable shrinkage and even collapse of the network struc-
ture if performed via direct evaporation at ambient condition (resulting in xerogels), 
due to the high surface tension or capillary pressure. Therefore, the supercritical 
drying method is employed, which is based on the exchange of solvent with liquid 
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CO2, bringing CO2 to its supercritical state, and removing it by reducing the pres-
sure while maintaining the temperature at around 31 °C. Before supercritical drying, 
however, the solvent in the hydrogel structures is replaced by acetone or ethanol 
and further with liquid CO2. This bypasses the destructive influence of surface ten-
sion and preserves the 3D fine structures of the hydrogel with negligible shrinkage. 
In addition, the freeze drying method has been used to remove the solvent in cryo-
gelated hydrogels.[14] Consequently, the resulting aerogels have higher surface area 
and porosity, as well as a lower density than the porous materials synthesized by 
traditional drying methods.[15] 
 
Figure 1.2. Representative a) SEM and b) TEM images of Au aerogels synthesized 
from Au spherical NPs.[16] The scale bars are a) 1 μm, b) 500 nm (in-
set: 50 nm), respectively.  
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
images demonstrated the typical porosity and morphology of the metallic aerogels, 
taking Au aerogel as an example (Figure 1.2).[16] The NP-derived metallic aerogels 
reported to date show almost the same morphologies with varied diameter depends 
on the content, such as Pd, Pt, Au, Ag, PdPt, PdAu, and their alloys with non-noble 
metals. They all exhibit high porosity with numerous open pores and similar 3D 
network structures with extended nanowires interconnected randomly. The nan-
owire-like backbones show similar diameters to those of the original NPs, confirm-
ing the presumption that the hydrogel formed from the starting NPs without any 
intermediate agglomeration steps. A broad pore size distribution ranging from mi-
cro- to meso- and macro-pores are often observed for the metallic aerogels, which 
hold the potential for reducing the diﬀusion barriers in catalysis applications since 
the diﬀusion rates through 10−50 nm pores can approach those of molecules in 
open media.[17] 
Metallic hierarchical aerogels for electrocatalytic applications 
12 
 
These NC-derived metallic aerogels combine the noble metal properties (e.g. cata-
lytic activity, electric conductivity) with those aerogel characteristics such as large 
surface area (providing more reactive sites), high porosity (facilitating mass trans-
fer), and self-supportability (eliminating the need for a carbon support), thus ren-
dering these noble metal aerogels promising candidates for electrocatalysis.[7] As 
proof-of-concept applications, metallic aerogels with compositions of pure Pd and 
Au, as well as alloyed PdxPt, PtxNi and PtxCu have been synthesized and evaluated 
as electrocatalysts for both oxidation and reduction reactions.[10, 11, 16, 18, 19]  
 
1.2. Metallic aerogels as unsupported electrocatalysts 
Ever-increasing, energy-related environmental pollution has prompted scientific and 
industrial research for clean and sustainable energy sources and conversion devices 
to ultimately replace current fossil-fuel-based energy systems.[20] Fuel cells operat-
ed with hydrogen and oxygen (air) are widely believed to be among the next gen-
eration of energy conversion systems owing to their high efficiency and low emis-
sions.[21, 22] Polymer electrolyte fuel cells (PEFCs) feature low operating temperature, 
high power density, and high energy conversion efficiency, making it one of the 
most promising technologies for automotive or stationary applications.[23, 24] One of 
the major obstacles for the broad application of PEFCs is the lack of low-cost, dura-
ble and efficient electrocatalysts for the anodic fuel oxidation reaction and the ca-
thodic oxygen reduction reaction (ORR), whereby the slow kinetics of this reaction 
lead to major voltage losses in the fuel cells.[25-29] Numerous nanostructured mate-
rials have been developed in the past decades for catalyzing the ORR, including Pt-
based metallic nanostructures [30-32] and heteroatom-doped carbon materials.[33-35] 
Among them, former remains the top choice for industrial development due to their 
high performance, even if Pt is a scarce and expensive metal.[26] Therefore, reduc-
ing the Pt loading while maintaining or even improving the catalytic performance is 
an important cost reduction lever. 
Recent research efforts in this direction have led to significant improvements of Pt-
based electrocatalysts in terms of morphology engineering (nanostructured polyhe-
drons, wires, rods, tubes, core-shell structures, etc.), composition manipulation (al-
loying with Pd, Au, Ni, Co, Cu, etc.), size control (down to 2-5 nm) and composite 
developments (support on carbon nanotubes, graphene, etc.).[36, 37] In most cases, 
these as-synthesized electrocatalysts are supported on carbon black and rely on its 
high surface area to obtain adequate active site dispersion. However, the carbon 
support is partially responsible for the insufficient catalyst durability, since it cor-
rodes under the high potential conditions (up to 1.6 V) that are present during PEFC 
start-up/shut-down and local fuel starvation, leading to catalyst particle detach-
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ment and loss of electrical contact.[38, 39] While carbon corrosion rates can be re-
duced by switching to graphitized carbons with lower surface area, support stability 
remains an important concern.[40, 41]  
In this respect, metallic aerogels, as one of the most promising type of unsupported 
electrocatalysts, provide opportunities to overcome this issue and are potentially 
less susceptible to other degradation phenomena observed under normal PEFC op-
eration, such as catalyst particle migration, dissolution and Ostwald ripening, due to 
their extended surface areas.[15, 39] Ultimately, the electrocatalysts have to be pro-
cessed into electrically conductive PEFC catalyst layers that must also provide mass 
transfer pathways for the reactive species.[42] The self-supportability of aerogels 
leads to a direct contact of the electroactive species with the conductive substrates, 
thus assuring a good integrity of the catalyst layers. Besides, the metallic aerogels 
also feature large surface area, high porosity mechanical stability and extended me-
tallic backbones, which are beneficial for successful implementations.[38]  
 
Figure 1.3. Schematic illustration of the application of metallic aerogels as un-
supported electrocatalysts for both anode and cathode reactions in 
fuel cells.[7]  
To date, different types of metallic aerogels have been developed and tested as un-
supported electrocatalysts for both anode and cathode reactions of fuel cells (Figure 
1.3). Recently, cyclodextrin protected Pd,[11] citrate protected PdxNi
[43] and Ni-
PdxPty
[44] aerogels have been synthesized and subsequently investigated their elec-
trocatalytic performances for ethanol oxidation reaction (EOR). Improved mass ac-
tivities ranging from 3 to 10-fold higher than commercial Pd/C catalyst have been 
obtained. In addition, pure PtAg aerogels exhibited nearly 19 times higher mass ac-
tivity toward formic acid oxidation reaction (FOR) as compared to the Pt black.[45] 
As for the cathodic reactions, pure PdxPt,
[10] PtxNi,
[18] and PtxCu
[46] aerogels have 
been designed and evaluated as ORR electrocatalysts. Alloying with Pd or non-
precious transition metals downshifts the d-band center of Pt metal, thus leading to 
a lower degree of adsorption of oxygenated species.[36] Together with the elimina-
tion of carbon support, largely improved ORR activity and durability were demon-
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strated on these Pt-contained aerogels. In addition, pure Au and Pd aerogels have 
also been designed for bioelectrocatalysis.[13, 16]  
These efforts have produced plenty of excellent aerogel electrocatalysts, however, 
the development of metallic aerogels and the corresponding applications are still in 
the early stage. A number of challenges remain before the widespread implementa-
tion of these materials in practical areas can be realized. For instance, the diversity 
of morphologies and variety of components of the metallic aerogels is limited and 
further extension is necessary. Besides, scalable and low-cost strategies for the 
synthesis of series of metallic aerogels are necessary for promoting their wide ap-
plications in practical areas. 
 
1.3. Next-generation hierarchical aerogels 
Along with the development of nanoscience, noble metal based NCs, which usually 
serve as nano building blocks (NBBs) for these aerogels, have been extensively in-
vestigated based on the surfactant-assisted precision synthesis that provides well 
monodispersity (size control), hierarchical structures (hollow, core-shell, dendritic, 
etc.), and controlled surface properties (alloying or type of facets).[47-50] These fine-
synthesized NCs usually exhibited improved performances in corresponding applica-
tions. For instance, Pt-based hollow NCs with ultra-thin walls and controllable facets 
largely reduced the use of noble metals and exhibited distinctive catalytic activities 
toward oxygen reduction.[51] Ultrathin Pd-Pt core-shell nanowires with large aspect 
ratio exhibited enhanced ORR mass and specific activities of up to 8.5 and 9.0 times 
higher than those of Pt/C, respectively.[52] However, it still remains challenging to 
implement these more complex NCs in the aerogel synthesis, as the demand of sur-
factant throughout the NC synthesis obstructs the destabilization-gelation step for 
aerogels.[44] As a result, the metallic aerogels reported to date are mainly derived 
from NPs with uncomplicated structures (generally solid spherical particles), which 
usually results in a nanowire-based backbone. 
The implementation of these shape-tuned NCs as NBBs for the synthesis of aerogels 
with desirable properties enabled a second stage of the NC-based aerogel research, 
which is defined as hierarchical aerogels. Different from the conventional aerogels 
with nanowire-like backbones, those hierarchical aerogels that evolved from fine-
tuned NCs generally combine two levels of architectures: a 3D interconnected po-
rous structure on the macroscale and a fine-tuned configuration at local backbones 
at the nanoscale. This combination “locks in” the inherent properties of the NBBs, 
so that the beneficial genes obtained by nano-engineering of the NBBs are retained 
in the resulting hierarchical aerogels. In this manner, the desirable properties of 
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NCs derived from specific morphologies can be translated to aerogel monoliths and 
new applications become accessible with possibly far reaching consequences. 
 
Figure 1.4. Schematic illustration of the synthesis approaches for hierarchical 
aerogels via sol-gel processes. In general, there are three steps, in-
cluding preparation of NBBs (red), gelation into hydrogel (yellow) and 
supercritical drying into aerogel (green). Depending on the engineer-
ing steps, the approaches can be divided into three: a) engineering of 
NBBs, b) tuning of gel structures, and c) mixing different NBBs as the 
sols.  
Linking aerogel research and nanotechnology, hierarchical aerogels with two levels 
of nanoconfigurations have also been reported based on shape-controlled NBBs or 
post-engineering of gel structures. As illustrated in Figure 1.4, the general sol-gel 
synthesis of hierarchical aerogels goes through three steps: i) preparation of sols 
(colloidal NBBs with controlled morphology); ii) gelation of the sols into hydrogels 
(plus further structural tuning of the hydrogels); and iii) supercritical drying of the 
hydrogels to yield aerogels. To date, hierarchical aerogels have been synthesized 
via three strategies. In strategy I (Figure 1.4a), as-prepared metal NCs with con-
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trolled morphology are employed as the NBBs, thus rendering the resulting back-
bones with designed nano configuration instead of nanowire-like skeletons. The ge-
lation of colloidal NBBs plays the vital role in strategy I, which may be achieved by 
different methods including depleting of stabilizers by washing,[43] exchange to 
weak ligands,[53] chemical oxidation of stabilizers,[54] and so forth. As shown in Fig-
ure 1.4b, the sub-structure can also be obtained by tailoring the as-prepared gel 
structure via strategy II, which usually results in hollow[45] or core-shell[55] struc-
tures. When different NBBs share similar capping agents, hybrid hierarchical aero-
gels can be achieved by gelation of the mixed sols of two or more kinds of NBBs fol-
lowed by supercritical solvent removal (Figure 1.4c). 
Despite the tremendous advancements in nanotechnology, the development of hi-
erarchical aerogels via the regulation of the NBBs or engineering the gel structures 
remains one of the greatest challenges. In particular, the research of electrocataly-
sis on metallic aerogels lags far behind the flourishing nanoscience. From the per-
spective of noble-metal-based electrocatalysts, tailoring the morphology and transi-
tion metal doping remain the most efficient ways to improve their catalytic perfor-
mance. However, these concepts remain quite difficult to be realized in the design 
of aerogel catalysts due to the incompatible reduction kinetics of multiple metal 
precursors and the hardly implemented destabilization-gelation process.  
The work presented in this dissertation is focused on the design and synthesis of 
metallic hierarchical aerogels as well as their application as electrocatalysts for fuel 
cells. In Chapter 2, bimetallic hierarchical aerogels which are composed entirely of 
alloyed PdNi hollow nanospheres (HNSs) were accomplished via a facile bottom-up 
method. The synergy of transition metal doping, combined with the hollow building 
blocks and the three dimensional network structures make the PdNi HNS aerogels 
promising electrocatalysts towards ethanol oxidation, among which the Pd83Ni17 
HNS aerogel shows a 5.6-fold enhanced mass activity compared to commercial 
Pd/C. In Chapter 3, a new class of hierarchical aerogels composed of multimetallic 
Ni-PdxPty NBBs with continuously engineered shape and compositions was demon-
strated. The morphology of the NBBs can be in situ engineered from HNSs to den-
dritic NCs and the structural growth mechanism underlying the galvanic replace-
ment was revealed in terms of nanowelding of the particulate reaction intermedi-
ates. Combining the advantages from the joint hollow-dendritic morphologies, the 
multimetallic alloying and the aerogel structures, the Ni-Pd60Pt40 aerogel exhibits 
remarkable electrocatalytic activity which is 10.6 and 7.6-fold higher than the 
state-of-the-art Pd/C and Pt/C catalysts, respectively, taking ethanol oxidation re-
action (EOR) as the example. In Chapter 4, PdxAu-Pt core-shell structured hierar-
chical aerogels comprised of an ultrathin Pt shell and a composition-tunable PdxAu 
alloyed core were synthesized via a universal strategy, which could be extended to 
other Pd-alloy core compositions. Their activities for ORR exhibit a volcano-type re-
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lationship as a function of the lattice parameter of the core substrate with maxi-
mum mass and specific activities being 5.25 A mg-1Pt and 2.53 mA cm
-2, which are 
18.7 and 4.1 times higher than those of Pt/C, respectively. 
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Abstract 
One plausible approach to endow aerogels with specific properties while preserving 
their other attributes is to fine-tune the building blocks. However, the preparation 
of metallic aerogels with designated properties, for example catalytically beneficial 
morphologies and transition-metal doping, still remains a challenge. This Chapter 
reports on the first aerogel electrocatalyst composed entirely of alloyed PdNi hollow 
nanospheres (HNSs) with controllable chemical composition and shell thickness. 
The combination of transition-metal doping, hollow building blocks, as well as the 
3D network structure make the PdNi HNS aerogels promising electrocatalysts for 
ethanol oxidation. The mass activity of the Pd83Ni17 HNS aerogel is 5.6-fold higher 
than that of the commercial Pd/C catalyst. This work expands the exploitation of 
the electrocatalysis properties of aerogels through the morphology and composition 
control of its building blocks. 
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2.1. Background and motivation 
Pure metallic aerogels reported to date are mainly based on noble metals which are 
resistant to corrosion and oxidation in moist air.[1] The research on metallic aero-
gels was initially developed using various noble metal (Pd, Pt, Au and Ag) and their 
alloy (e.g. PtNi, PtCu) NPs as the NBBs. During the synthesis of these uncomplicat-
ed spherical NPs, some weak (e.g. citrate, cyclodextrin) or even no capping agent 
were employed as the stabilizers to narrow the size distribution.[2, 3] Instead, the 
synthesis of more complex NCs generally needs stronger surfactants to manipulate 
their morphologies, which is unfavorable for the gelation step.[4] In addition, the re-
sidual surfactants on the metal surface would block the accessibility of the resulting 
aerogels for molecules, which is detrimental for the followed electrocatalysis appli-
cations. Therefore, methods need to be developed to deplete the capping ligands in 
order to reduce the stabilization for gelation. 
Metal nanoshells are an interesting class of nanomaterials with unique characteris-
tics that can be tailored by adjusting the composition, size, shape, and shell thick-
ness.[5] They often exhibit plasmonic and catalytic properties distinct from those of 
their solid NP counterparts but have the advantage of significantly less material 
segregated into a thin shell of a hollow structure. And the accessibility of chemical 
species to both inner and outer surface of the hollows offers new perspectives for 
their applications in sensing or catalysis.[6] 
Recently, Arachchige et al reported the a series of nanoshell-based bimetallic aero-
gels by self-assembly of Ag/M (M = Au, Pd, Pt) nanoshells into monolithic gel struc-
tures.[7] The gelation of the citrate-capped hollow NBBs was performed by simply 
increasing the ionic strength of the colloidal sols, which enables the possible scale-
up production of these aerogels. Later the same group accomplished the gelation of 
thiolate-coated Ag nanoshells via oxidative removal of the surface thiolates, yield-
ing hydrogels with tunable optical transparency.[8] The gelation kinetics was con-
trolled by tuning the oxidant/thiolate ratio that governed the hollow NC condensa-
tion, which in turn determines the optical transparency, porosity and surface area 
of the resulting gels. However, potential applications, such as (electro-)catalysis 
and surface enhanced Raman spectroscopy (SERS), of these Ag-based hierarchical 
aerogels still remains unexploited. 
As discussed in Chapter 1, metallic aerogels combine the advantages of metals and 
aerogels, which unleashed tremendous potential in electrocatalysis.[1] Nonetheless, 
the investigation of metallic aerogel electrocatalysts is still in the early stage and is 
largely limited by the solid building blocks. The previous reports have shown that 
Metallic hierarchical aerogels for electrocatalytic applications 
28 
 
the intimate relationship between the nano-component and the macro-aerogel pro-
vides a straightforward modality for the deliberate tailoring of aerogel properties by 
optimization of the building blocks. Thus, it is of great interest to endow aerogel 
catalysts with new properties by optimizing the starting NBBs. From the perspective 
of noble metal electrocatalysts, regulation of the morphology and alloying with 
transition metals remain the most efficient ways to meet the industrial require-
ments.[9] Despite the recent reports of electrocatalytic and bio-electrocatalytic ac-
tivities upon pure Pd and PdPt metallic aerogels,[3, 10, 11] the design of efficient aero-
gel electrocatalysts based on catalytically beneficial morphologies and transition 
metal doping has not been reported to date. 
In this Chapter, bimetallic aerogels which are composed entirely of alloyed PdNi 
hollow nanospheres (HNSs) were prepared by a facile bottom-up method. The PdNi 
HNS building blocks connect and fuse into a well-defined 3D necklace-like network 
structure during the gelation process. It has been demonstrated that nanocrystals 
with a hollow interior exhibit superior catalytic activities than their solid counter-
parts. Since its electronic properties can be manipulated, nickel is an ideal transi-
tion metal for optimizing the potential of the noble metals.[6, 12] The inheritance of 
the excellent genes from the hollow structure, the Pd-Ni alloy and the aerogel archi-
tectures impart high electrocatalytic activity to the as-prepared PdNi HNS aerogel. 
 
2.2. Synthesis and Characterizations 
2.2.1. Bottom-up approach for the synthesis of PdNi HNS aerogels 
The bottom-up synthesis of PdNi HNS aerogels follows the strategy I as described in 
Chapter 1. As illustrated in Scheme 2.1, alloyed PdNi HNSs were first synthesized 
via a galvanic replacement reaction using citrate-protected Ni NPs as sacrificial 
templates, followed by gelation into hydrogel and supercritical drying to aerogels. 
As shown in the TEM images (Figure 2.1), the PdNi HNSs are mostly well dispersed, 
with the shell color much darker than the inside core, suggesting hollow featured 
nanostructures. The average diameter of the HNSs is ca. 30 nm and the shell thick-
ness is ca. 5 nm. Another feature of the HNSs is that their shells are constructed 
from numerous discontinuous grains (crystalline alloy particles) (cf. Figure 2.S2). 
Since the aqueous solutions of the PdNi HNSs are normally very stable in the as-
prepared state, it is necessary to concentrate the sols and eliminate parts of the 
stabilizers (citrate) to reach a “metastable state” (the highly concentrated sols are 
still very stable after 2 months). The gelation process was achieved by heating the 
concentrated sols at 348 K for 6 hours. After the solvent of the resulting hydrogels 
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was exchanged with acetone, self-supported monolithic PdNi HNS aerogels were ob-
tained after the evaporation of the pore liquid using the supercritical drying method 
(Figure 2.2). 
 
Scheme 2.1. Schematic illustration of bottom-up sol-gel synthesis.  
 
Figure 2.1. Representative TEM images of the as-prepared Pd83Ni17 HNSs with 
citrate as the stabilizers.  
 
Figure 2.2. Digital photos of the as-prepared Pd83Ni17 HNS hydrogel and aerogel. 
Scale bar is 0.5 cm.  
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2.2.2. Morphological characterizations 
As shown in the SEM and TEM images (Figure 2.3 and Figure 2.S1), the PdNi HNS 
aerogel has an excellent 3D porous network structure which is formed from fusion 
and random interconnection of individual HNSs. The necklace-like backbone exhibits 
similar diameter (~30 nm) as the starting HNS building blocks (Figure 2.1), indicat-
ing the alloyed HNSs remain intact during the gelation and drying processes.  
 
Figure 2.3. a) SEM and b,c) TEM images of the Pd83Ni17 HNS aerogel at different 
magnifications. d) HR-TEM characterization of the fused connection 
and an HNS area of the Pd83Ni17 HNS aerogel.  
The crystalline properties of the HNSs and their fused junction area were demon-
strated by high-resolution TEM (HR-TEM) images (Figure 2.3d and Figure 2.S2). 
The well-defined crystalline fingerprints throughout the shell and fused junction ar-
eas reveal that the PdNi HNS are highly crystalline with a fcc crystalline structure. 
The crystalline domains containing lattice planes with interplanar distances of about 
2.30 Å are assigned to the (111) plane and are widely distributed on the HNS aero-
gel skeletons. The lattice spacing of about 2.00 Å shown in the HR-TEM images can 
be indexed to the (200) planes.  
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Figure 2.4. STEM-EDX a) line-scanning profiling and b) high angle annular dark 
field (HAADF) STEM imaging and elemental mapping analysis of Pd 
and Ni, taking Pd83Ni17 HNS aerogel as an example.  
The alloying properties were revealed by the STEM-EDX line-scanning profiling and 
elemental mapping analysis, respectively (Figure 2.4). As is shown, the elemental 
signals in the shell area are stronger than in the core area, which reflect the for-
mation of a hollow structure. From the mapping profile, both Pd and Ni are uniform-
ly distributed throughout the HNS building blocks as well as the backbones, indicat-
ing the formation of PdNi alloy.  
2.2.3. Surface chemical properties 
X-ray photoelectron spectroscopy (XPS) was further employed to investigate the 
surface properties and the electronic environment of Pd and Ni in the HNS aerogel 
structure (Figure 2.5). From the survey XPS spectrum (Figure 2.5a), the peaks of 
Pd, Ni, C, and O can be detected obviously. The carbon and oxygen peaks are 
largely attributed to the presence of citrate stabilizer. The recorded Pd 3d spectrum 
(Figure 2.5b) is composed of Pd 3d5/2 and 3d3/2 peaks which can be can be deconvo-
luted into two pairs of doublets. The comparison of relative areas of the integrated 
intensities of Pd0 and PdII indicates that the metallic state Pd is absolutely predomi-
nant (~76%) for the element Pd in PdNi HNS aerogel. In comparison, the metallic 
state Pd only accounts for ~63% of elemental Pd in commercial Pd/C catalysts. The 
high ratio of metallic state Pd in Pd-based nanocatalysts will be crucial for the reali-
zation of high catalytic performance.[13]  
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Figure 2.5. XPS characterizations of the Pd83Ni17 HNS aerogel, including the a) 
survey XPS spectrum, b) Pd 3d patterns and c) Ni 2p patterns. Com-
mercial Pd/C was used as a reference in b to illustrate the shifts of 
binding energies. 
In addition, the binding energies of Pd in PdNi HNS aerogel show a 0.6 eV negative 
shift with respect to those of the commercial Pd/C catalysts. These chemical shifts 
suggest an increase of charge density around the Pd atoms, which is induced by the 
electron transfer between Ni and Pd atoms due to their electronegative difference 
(electronegativity of Ni is 1.92, compare to Pd 2.20). As shown in Figure 2.5c, the 
deconvoluted Ni 2p XPS peaks indicate the presence of both metallic Ni and other Ni 
species such as NiO, Ni(OH)2, and NiOOH. Although the whole preparation process-
es were carried out under inert atmosphere, the resulting elemental Ni inside the 
PdNi alloys will be possibly oxidized in air, thus leading to a less metallic Ni content. 
The abundance of Ni oxides and hydroxides explains the amorphous crystallization 
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of Ni content within the alloyed PdNi HNS aerogels which is further consistent with 
the XRD results, as discussed the followed section. 
2.2.4. Tuning of composition and shell thickness  
The physical and chemical properties, including the electrocatalytic activities, of bi-
metallic nanoarchitectures are known to be highly dependent on the elemental 
composition.[14] Thus we added different amounts of Pd precursors in order to tune 
the composition of the resulting PdNi HNS aerogels. The Ni content of the resulting 
HNS aerogels varies from 3 to 19 %, as the molar ratio of Ni/Pd precursors varies 
from 1:2 to 4:1 (Figure 2.6).  
 
Figure 2.6. a) The relationship between the Ni content in final PdNi HNS aerogel 
and initial Ni/Pd precursor ratio. The composition of the resulting aer-
ogels was examined by ICP-OES. b) XRD patterns of resulting PdxNiy 
HNS aerogels with different Ni/Pd precursor ratios ranging from 4:1 
to 1:2, as compared with pure Pd. 
The crystalline properties of the resulting aerogels were further examined by XRD 
measurements (Figure 2.6b), demonstrating that the PdxNiy HNS aerogels share the 
same fcc crystalline structure regardless of the compositional change. All the four 
characteristic peaks of the PdNi alloy are shifted towards larger diffraction angles, 
suggesting a lattice contraction with increasing Ni content.[15] The slight shrinkage 
of the lattice parameters compared with our previous pure Pd aerogel can be at-
tributed to the permeation of Ni atoms into the Pd lattice which results in smaller 
crystallographic unit cells.[10, 11] Besides, the more asymmetric diffraction peaks 
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with increased of Ni content implies the incorporation of Ni atoms into the Pd lat-
tice.[16] 
As shown in the TEM images (Figure 2.7), the shell thickness of the building blocks 
increased with decreasing diameters while the Ni/Pd precursor ratio was decreased. 
When the Ni/Pd ratio decreases to 1:2, the thickness of the shells and the diameter 
reduced to ca. 7 and 23 nm, respectively, with a shrunken hollow interior and a 
more fused network structure. Conversely, more broken HNSs and small shell piec-
es are observed in the aerogel structure when the Ni/Pd ratio reaches 4:1. Thus, 
the Ni/Pd precursor ratio of 3:1 (results in Pd83Ni17) is most suitable for realizing the 
thinnest shell while keeping the structure intact.  
 
Figure 2.7. TEM images of resulting PdxNiy HNS aerogels with different Ni/Pd pre-
cursor ratios: a) 4:1, b) 3:1, c) 2:1, d) 1:1 and e) 1:2. Scale bar is 
20 nm. 
2.2.5. Surface area and porosity 
Taking the Pd83Ni17 HNS aerogel as an example, the surface area and porosity were 
further evaluated from N2 physisorption isotherms (Figure 2.8). The adsorption iso-
therm combines the characteristics of type II and type IV which indicates the wide 
spread of both meso- and macro-pores within the aerogel structure. The presence 
of meso- and macropores in the aerogel is also evident in the SEM and TEM images. 
The pore size distribution analysis based on the BJH model exhibits a distinct pore 
distribution peak at ~22 nm which is attributed to the hollow cavity of the building 
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blocks. The narrow pore size distribution in the range of 3-7 nm can be ascribed to 
the porous shells of the building blocks. 
As estimated from a Brunauer-Emmett-Teller (BET) plot, the surface area is 95.4 
m2 g-1 which is in the range of that of noble metal nanoparticle-based aerogels (32-
168 m2 g-1).[1] The molar surface area of the Pd83Ni17 HNS aerogel is 9.4×10
3 m2 
mol-1, slightly lower than typical silica aerogels (30×103 m2 mol-1).[17] 
 
Figure 2.8. a) N2 physisorption isotherms and b) pore size distribution and cumu-
lative pore volumes determined from the isotherms using the BJH 
method for the Pd83Ni17 HNS aerogels. 
As shown in Figure 2.2, the resulting aerogel monoliths are shaped like a cylinder, 
as the gelation and drying process were all carried out in cylindrical containers. 
Thus the formula for the volume of a cylinder was employed to estimate the volume. 
After weighing it by a balance, the mass density can be briefly obtained. The densi-
ty of the Pd83Ni17 HNS aerogel is estimated to 0.035 g cm
-3, which further demon-
strated the high porosity. 
 
2.3. Electrocatalytic performance 
2.3.1. Electrochemical surface properties 
It is reasonable to anticipate that the hierarchical HNS aerogels are electrochemi-
cally more accessible due to the combination of their hollow nanostructure and the 
3D network aerogel nature. As shown in Figure 2.9, cyclic voltammograms (CVs) of 
PdxNiy HNS aerogels and commercial Pd/C were obtained using glassy carbon elec-
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trodes (GCEs) in N2-saturated 1 M NaOH solution. As shown in Figure 2.9a, the two 
well-defined oxidation-reduction peaks at the region of 0.25 - 0.45 V and -0.25 - -
0.55 V are corresponding to the redox reaction of Ni-oxygen-containing compounds 
and reduction of Pd oxide species, respectively. Specifically, the peak currents of Ni 
compounds redox reaction decrease gradually with the increase of Ni/Pd precursor 
ratios, which should be ascribed to the decrease of Ni content in the PdNi HNS aer-
ogel (Figure 2.6a). 
 
Figure 2.9. a) CVs of the PdxNiy HNS aerogels with different Ni/Pd precursor rati-
os. b) Comparison of the CVs of the Pd83Ni17 HNS aerogel and com-
mercial Pd/C. Electrolyte: N2-saturated 1 M NaOH aqueous solution. 
Loading of Pd is 20 μg cm-2. Scan rate: 100 mV s-1. 
Their electrochemical active surface area (ECSA) values were estimated by employ-
ing the reduction charge of Pd oxide and assuming a charge density of 430 µC cm-2 
for the formation of a PdO monolayer.[18] The PdxNiy HNS aerogels exhibit different 
ECSA values (56.9, 55.5, 54.7, 51.1 and 47.8 m2 g-1 with the Ni content varying 
from 19% to 3%), while the ECSA value of Pd/C is 42.3 m2 g-1. Even more convinc-
ingly, the ECSA value of the Pd83Ni17 HNS building blocks is 45.2 m
2 g-1, 1.23 times 
lower than their aerogel counterparts, indicating the significance of the aerogel 
structure in the preservation of ECSA. The higher ECSA values guarantee more ac-
tive sites accessible, suggesting an increase in the utilization efficiency of Pd.[19]  
2.3.2. Electrocatalytic activity for ethanol oxidation 
The electrocatalytic activities for ethanol oxidation were evaluated by CVs on cata-
lyst modified GCEs in N2-saturated 1 M NaOH + 1 M ethanol solution. State-of-the-
art Pd/C was selected as a reference. As summarized in Figure 2.10a, the mass ac-
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tivities (MAs) and specific activities (SAs) of the PdxNiy HNS aerogels are much 
higher than that of Pd/C. Among them, the Pd83Ni17 HNS aerogel shows the highest 
MA (3.63 A mg-1) and SA (6.54 mA cm-2), which are 5.6 and 4.2 times higher than 
that of Pd/C (MA: 0.65 A mg-1, SA: 1.54 mA cm-2), respectively.  
 
Figure 2.10. a) The mass and specific activities of PdNi HNS aerogels with differ-
ent Ni/Pd precursor ratios compared with commercial Pd/C. b) Pd- 
mass and c) ECSA normalized CVs of Pd83Ni17 HNS aerogel compared 
with commercial Pd/C. Individual Pd83Ni17 HNSs were selected as ref-
erence in b. Electrolyte: N2-saturated 1 M NaOH + 1 M ethanol aque-
ous solution. Loading of Pd is 20 μg cm-2. Scan rate: 50 mV s-1. 
Figure 2.10b-c shows the CVs of the Pd83Ni17 HNS aerogel and Pd/C, highlighting 
the apparent mass and specific activity enhancement of the as-prepared PdNi HNS 
aerogel in comparison to Pd/C. As is shown in the CVs, the more negative onset po-
tential of the PdNi HNS aerogels indicates an enhancement in the kinetics of the 
ethanol oxidation reaction, which represents another crucial parameter for optimiz-
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ing electrocatalysts. The activity enhancement of Pd83Ni17 HNS aerogel compared to 
other PdxNiy HNS aerogels should be ascribed to both the combination of the thin-
nest shell and the intact hollow structure and the high doping concentration of Ni. 
 
Figure 2.11. a) Comparison of CVs of Pd83Ni17 HNS aerogel and Pd83Ni17 HNSs in 
N2-saturated 1 M NaOH aqueous solution. Loading of Pd is 20 ug cm
-2. 
Scan rate: 100 mV s-1. b) ECSA normalized CVs of Pd83Ni17 HNS aero-
gel, Pd83Ni17 HNSs and Pd/C in N2-saturated 1 M NaOH aqueous solu-
tion. Scan rate: 50 mV s-1.  
To further demonstrate the importance of the 3D network, we compared the MAs 
and SAs between the aerogel and its building blocks in the exemplified composition 
of Pd83Ni17. As shown in Figure 2.11a, the HNS aerogel and the individual HNSs 
show similar electrochemical features. However, the individual HNSs show a slight 
decrease of reduction peak of PdO, which means a reduced ECSA value (45.2 m2 g-
1). It is noteworthy that although the mass activity of individual HNSs is 1.5 times 
lower than HNS aerogels (Figure 2.10b), there is a tiny specific activity difference 
between the individual HNSs and the HNS aerogels (Figure 2.11b). This is reasona-
ble because both the aerogels and their building blocks share similar surface which 
is crucial to the catalysis. This further indicates that the gelation process has negli-
gible influence on the chemical properties of the individual PdNi HNSs. The en-
hanced mass activity of aerogel should be ascribed to the increase of ECSA, in other 
words, the 3D aerogel network promotes the exposure of active sites of individual 
PdNi HNSs. 
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2.3.3. The Ni alloying effect for activity 
The varying activities of the PdxNiy HNS aerogels are related to both the morpholo-
gy changes and the Ni content. To exclude the morphology interference and inves-
tigate the alloying effect for activity enhancement, most of the Ni content was re-
moved from the Pd83Ni17 HNSs by HCl etching and obtaining by this the Pd96Ni4 HNS 
aerogel which is labelled as Pd96Ni4-HCl (Figure 2.12).  After removing of majority 
of Ni content, the resulting Pd96Ni4-HCl aerogel retains the hollow architecture and 
the 3D “necklace” network structure, suggesting a sturdy Pd-based HNS aerogel 
skeleton.  
 
Figure 2.12. TEM images of HCl etched Pd83Ni17 HNS aerogels (denoted as Pd96Ni4-
HCl) with different magnifications.  
As shown in Figure 2.13a, after HCl etching, the resulting Pd96Ni4-HCl HNS aerogel 
shows largely reduced redox peaks in the region of 0.25 - 0.45 V, further proving 
the removal of Ni content. Remarkably, the Pd96Ni4-HCl HNS aerogels exhibit paral-
lel PdO reduction peak with the non-etched Pd83Ni17 HNS aerogels, which indicates a 
similar ECSA value (53.2 m2 g-1). The mostly survived ECSA after the HCl etching 
indicates the robustness of the HNS aerogel skeleton.  
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Figure 2.13. a) CVs of the Pd83Ni17 HNS aerogel and the Pd96Ni4-HCl aerogel in N2-
saturated 1 M NaOH aqueous solution. Loading of Pd is 20 ug cm-2. 
Scan rate: 100 mV s-1. b) Pd mass and c) ECSA normalized CVs of 
the Pd96Ni4-HCl aerogel, the Pd83Ni17 HNS aerogel and Pd/C in N2-
saturated 1 M NaOH + 1 M ethanol aqueous solution. Scan rate: 50 
mV s-1.  
Nevertheless, 28.4% of the MA and 24.4% of the SA were lost in comparison to the 
Ni-rich Pd83Ni17 HNS aerogels (Figure 2.13b-c). It is therefore rational to consider 
an alloying effect with Ni as a great contribution to the activity improvement of our 
PdNi HNS aerogels. Integrate these two factors, the Ni content play an indispensa-
ble role in the activity enhancement of PdNi HNS aerogel. 
In addition, the hollow architecture of the NBBs accompanied by the aerogel nature 
confers high porosity and large surface area on the HNS aerogel which facilitate 
mass transfer and guarantee more active sites for catalysis. The synergy of the 
aforementioned effects constitutes jointly to the large activity improvement of the 
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PdNi HNS aerogels, while the self-supportability ensures great potential in the du-
rability due to the escape from the popular carbon corrosion issues. 
2.3.4. Electrochemical durability 
It is reasonable to anticipate good stability for the metallic aerogels as the carbon 
support corrosion problem is eliminated. Here, the electrochemical durability of the 
aerogels was tested by chronoamperometry at their half-wave potentials, taking the 
most active Pd83Ni17 HNS aerogel as an example. As shown in Figure 2.14a, Pd83Ni17 
HNS aerogel shows much higher current density than Pd/C during the first 200 s of 
stability test. After 2000 s of test, the current density of HNS aerogel is still higher 
than Pd/C.  
 
Figure 2.14. a) Pd-mass normalized i-t curves of the Pd83Ni17 HNS aerogel, indi-
vidual Pd83Ni17 HNSs and Pd/C in N2-saturated 1 M NaOH + 1 M etha-
nol solution. b) TEM image of the Pd83Ni17 HNS aerogel after stability 
test. c) Composition evolution of the Pd83Ni17 HNS aerogel before and 
during the stability test; d) CVs of the Pd83Ni17 HNS aerogel before 
and after 2000s of stability test in N2-saturated 1 M NaOH + 1 M eth-
anol aqueous solution at a scan rate of 50 mV s-1.  
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The morphology of the Pd83Ni17 HNS aerogel after stability test was characterized by 
TEM. The hollow structure of the building blocks and the 3D necklace-like aerogel 
structure were mostly retained after stability test. The slight damage of the hollow 
shells could be ascribed to the stripping process from the electrode and its re-
dispersion for TEM grid preparation.  
The evolution of the chemical composition of the Pd83Ni17 HNS aerogel electrocata-
lyst before and during the stability test was investigated by ICP-OES measurements 
(Figure 2.14c). The Pd83Ni17 HNS aerogel was first subject to CV scans between -1.0 
and 0.5 V at 100 mV s-1 in N2-saturated 1 M NaOH aqueous solution until a stable 
CV was obtained (about 50 cycles). Meanwhile, the Ni content decreases from 17% 
to 14% and then remains constant even after 2000s of stability test, which behaves 
similarly to the reported alloyed PtNi electrocatalysts.[20] Immediately after the sta-
bility test, the Pd83Ni17 HNS aerogel modified electrode was rinsed by N2-saturated 
1M NaOH solution to remove the absorbed bubbles and then subject to CV scans 
between -1.0 and 0.5 V at 100 mV s-1 in N2-saturated 1 M NaOH aqueous solution 
for 20 cycles to recover a “clean” surface. Afterwards, it exhibited almost equal CV 
curves to the CVs before stability test, which indicates the strong chemical stability 
of the Pd83Ni17 HNS aerogels (Figure 2.14d). 
 
2.4. Experimental details 
2.4.1. Reagents 
Nickel(II) chloride hexahydrate (NiCl2·6H2O, 98%), sodium citrate (99%), sodium 
borohydride (NaBH4, 98%), potassium tetrachloropalladate (II) (K2PdCl4, 99.99%), 
commercial palladium on carbon (Pd/C, 20 wt % loading, with a particle size of 4.1 
± 1.2 nm) and 5 wt % Nafion were purchased from Sigma Aldrich and used as re-
ceived without further purification. Sodium hydroxide (NaOH) and ethanol were 
purchased from VWR. Acetone (Analysis grade) was received from Merck. Milli-Q 
water was used throughout for preparing aqueous solution. All the glasses were 
washed by aqua regia followed by water before use. 
2.4.2. Preparation of PdNi hollow nanospheres 
The sacrificial Ni NPs were synthesized using the borohydride reduction method.[21] 
Brieﬂy, 1.6 mL of 0.1M NiCl2·6H2O were added to 100 mL water under mild stirring, 
followed by adding 2 mL of 0.2M sodium citrate as the stabilizers. After deoxygen-
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ating with nitrogen for 30 min, 12 mL of freshly prepared reducing agent solution 
containing 10 mg NaBH4 was added into the mixed solution at a rate of 2 mL min
-1 
under vigorous stirring. The color of the solution turned dark grey after addition of 
NaBH4, indicating the formation of Ni NPs. After about 5 min, 14 mL Pd precursor 
solution which was diluted by 0.85 mL 40 mM K2PdCl4 was added to the Ni NPs col-
loid at a rate of 1 mL min-1 under vigorous stirring. The galvanic reaction was al-
lowed to continue for another 30 min under stirring. The nitrogen bubbling was 
maintained throughout the whole preparation process in order to protect the Ni NPs 
from oxidation. 
For PdNi HNSs with different Ni/Pd precursor mole ratios, 0.638, 1.275, 2.55 and 
5.1 mL of 40 mM K2PdCl4 were diluted to 10, 16, 22 and 30 mL and served as the 
Pd precursor solutions. For the HCl etching process, 0.6 mL 1M HCl was added into 
the PdNi HNS solutions and then stirred overnight. 
2.4.3. Gelation of the PdNi HNS sols 
Before the gelation of the PdNi HNSs, polystyrene centrifuge filters (Sartorius, Vi-
vaspin, 20 mL, MWCO 1000000) were employed to concentrate the HNS solution. 
The centrifuge filters were three times washed with water before use at 1000 g 
(relative centrifugal force, 1 RCF = 1 g). Firstly, the centrifuge filters which were 
filled with 20 mL of the HNS solution were centrifuged at 300 g for 12 min to re-
duce the volume to about 2 mL. The volume of the HNS solution was stepwise re-
duced from 130 mL to 13 mL in the way described. To remove the residual stabi-
lizer and impurities, the resulted 13 mL of solution was diluted to 60 mL and then 
re-concentrated. The second concentration process was operated at 200 g for 20 
min. Finally, the volume of the concentrated and washed colloidal solution is fixed 
at 3 mL. 
The gelation of the PdNi HNS sols took place at 348 K within six hours. After the gel 
formation, a black monolithic hydrogel was settled down in the solution whereas the 
supernatant becomes colorless. 
2.4.4. Supercritical drying 
The resulting hydrogels were washed carefully with water for 10 times to further 
remove the residual impurities (by simply refreshing the supernatant). Prior to the 
drying procedure, the supernatant of the hydrogel was carefully exchanged against 
pure acetone for several times (during 3-4 days). 
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The resulted anhydrous, acetone-containing gels were transferred into a critical 
point dryer for supercritical CO2 drying (13200J0AB from Spi Supplies). The cham-
ber was flushed with liquid CO2 to exchange the acetone (~ 50 bars). After over-
night storage of the gels in the autoclave at 15-18 0C, the chamber was flushed 
again to make sure the acetone is fully replaced by CO2.  
In order to convert the liquid CO2 to the supercritical state the chamber was heated 
to 36-37 0C, causing an increase of the pressure (~75 bar). Finally, the supercritical 
CO2 was slowly discharged by reducing the pressure whilst keeping the temperature 
constant. 
2.4.5. Electrochemical measurements 
As working electrode, GCE (3 mm in diameter) was polished with 1.0 and 0.3 μm 
alumina slurry sequentially and then washed ultrasonically in ethanol and water, 
respectively. The cleaned GC electrode was dried with an N2 steam for the next 
modification. A platinum foil was used as the counter electrode with Ag/AgCl (1M 
KCl) electrode as the reference electrode respectively. 1.5 mg of PdNi HNS aerogels 
were dispersed in 2 mL water using mild sonication and vigorous shaking. The con-
centrations of Pd in the inks were confirmed by ICP-OES. The aerogel inks were de-
posited on the GCE and evaporated to dry at room atmosphere. Then 5 μL of Nafion 
(0.5 wt % in ethanol) was coated on the surface of the aerogel modified GCE. The 
loading of Pd is about 20 μg cm-2. CVs were conducted under N2 atmosphere at 
room temperature. The electrocatalysis toward the oxidation of ethanol was con-
ducted under the IR compensation of 10 ohm. 
The current in the CVs for mass activity determination were normalized to the Pd 
mass without counting the Ni content. The specific activity related CVs were ob-
tained by dividing the current by their ECSA values. For the mass activity recovery, 
the catalyst modified electrode was firstly rinsed by N2-saturated 1M NaOH solution 
to remove the absorbed bubbles immediately after the stability test, and then sub-
ject to CV scans between -1.0 and 0.5 V at 100 mV/s in N2-saturated 1 M NaOH 
aqueous solution for 20 cycles to recover a “clean” surface. Afterwards, the elec-
trodes were subject to CV scans between -0.9 and 0.3 V at 50 mV/s in 1 M NaOH + 
1 M ethanol. 
2.4.6. Apparatus and Measurements 
CO2 supercritical drying was conducted on Critical Point Dryer Mode 13200J0AB ob-
tained from SPISUPPLIES. TEM and HR-TEM were performed on a FEI Tecnai G2 
F30 at an accelerating voltage of 200 kV. HAADF-STEM images, element analysis 
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mapping, compositional line profiles, and EDX were carried out on a JEOL JEM-2010. 
Field-emission TEM operated at 200 kV as accelerating voltage. SEM and SEM-EDS 
were performed on a Zeiss DSM 982 Gemini instrument. XRD was carried out in re-
flection mode on X'Pert Pro Multipurpose Powder Diffract meter operated at a volt-
age of 40 kV and a current of 30 mA with Cu Kα radiation (λ = 1.5406 Å). The data 
were collected in the 10–90° (2θ) range S3 with a step size of Q2θ = 0.026°. XPS 
measurements were performed by using a VG Thermo ESCALAB 250 spectrometer 
(VG Scientific) operated at 120W. The binding energy was calibrated against the 
carbon 1s line. ICP-OES was carried out on Perkin-Elmer Optima 7000 DV optical 
emission spectrometer. The samples for ICP-OES were prepared by mixing 0.1 mg 
of the PdNi HNS aerogels with 0.3 mL aqua regia, incubating for 1 h, and diluting 
the solution with 10 mL water. Nitrogen physisorption isotherms were measured at 
77 K on a Quantachrome Autosorb 1 instrument. About 40 mg of PdNi HNS aerogels 
was transferred into the measuring cell and degassed overnight at 50 0C under vac-
uum before measurement. All electrochemical measurements were performed at an 
Autolab/PGSTAT 30 (Eco Chemie B. V. Utrecht, the Netherlands) in an earthed Far-
aday cage. 
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2.5. Additional data 
 
Figure 2.S1. Representative a, c, e) SEM images of the plane areas and b, d, f) 
edge areas of the as-prepared Pd83Ni17 HNS aerogels with different 
magnifications.  
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Figure 2.S2. Representative HR-TEM images of the a) shell and b) fused junction 
areas of the as-prepared Pd83Ni17 HNS aerogels. 
 
 
Pd-containing catalysts 
Mass activity 
(A mg-1Noble metal) 
Improvement 
compared to Pd/C 
Pd83Ni17 HNS aerogel in this 
work 
3.63 4.2 times 
PdCo nanotube arrays supported 
on carbon fiber cloth[13] 
1.50 4.0 times 
PdPt nanowires[22] 0.94 1.9 times 
Pd nanowires[22] 0.80 1.6 times 
PdRu alloyed nanoparticles[23] 0.36 4.5 times 
Pd nanoparticles supported on 
carbon nanotubes[24] 
2.91 3.3 times 
Au-Pd core-shell supported on 
Ni2P-graphite nanoplatelets
[25] 
1.35 1.6 times 
Pd nanocubes supported on gra-
phene[26] 
0.43 2.6 times 
Hollow PdAg alloy nanosphere[27] 0.05 0.6 times 
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Pd-PEDOT/graphene nanocom-
posites[28] 
0.46 3.1 times 
Pd nanoparticles supported on 
N-doped carbon[29] 
2.30 4.0 times 
Pd nanowires[30] 2.00 -- 
Pd nanoparticles supported on 
carbon nanotubes[31] 
3.54 -- 
Pd nanoparticles supported on 
carbon nanotubes[31] 
1.14 -- 
PdCu nanoparticles supported on 
reduced graphene[32] 
1.15 -- 
Pd/graphene aerogel supported 
on Ni foam[33] 
0.87 -- 
 
Table 2.S1. Comparison of the mass activities of different Pd-containing nano-
materials and their improvement compared to Pd/C. CV characteriza-
tions are performed at a scan rate of 50 mV/s in 1 M NaOH + 1 M 
ethanol aqueous solution. 
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Abstract 
It is well-known that nano-engineering of the nanocatalysts, such as morphology 
control and transition metal doping, are promising approaches for the improvement 
of the electrocatalytic activity. However, such concepts remain quite difficult to be 
realized in the development of metallic aerogels due to the hardly-implemented de-
stabilization-gelation process. This raises the crucial question of how the morpholo-
gy control can be applied in the synthesis of metallic aerogels while simultaneously 
achieving higher activity. This chapter addresses this critical issue by demonstrating 
a series of multimetallic hierarchical aerogels composed of Ni-PdxPty NBBs with con-
tinuously engineered shape and compositions. This allows for the resulting aerogels 
with two levels of nanoarchitectures, i.e. the evolutionary morphology on the na-
noscale and the porous aerogel structure on the macroscale. Moreover, the growth 
mechanism underlying the galvanic replacement was revealed in terms of nan-
owelding of the particulate reaction intermediates with the aid of time-dependent 
TEM and first principle molecular dynamics (MD) simulations. These results expand 
the exploitation approach of the electrocatalytic properties of aerogels into mor-
phology control of their NBBs and are of great importance for the future develop-
ment of aerogels for many other electrochemical reactions. 
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3.1. Background and motivation 
Construction of macroscopic materials and devices from NCs with desirable physical 
and chemical properties has become one of the holy grails of the booming nano-
technology due to its essential role in fundamental research and commercial rele-
vance.[1] Among them, aerogels assembled from colloidal NCs are of enormous sci-
entific and technological interest owing to their ultralow density, high surface area 
and large open interconnected pores.[2-4] Over the past decade, various kinds of in-
organic NBBs, varying from semiconductor NCs, metal oxides, metal NCs, etc., 
have been employed to design aerogel monoliths and explore their improved prop-
erties, in areas such as photovoltaics, energy storage, and catalysis.[5-8]  
The aerogels built from the NBBs can inherit the properties and functions from the 
parent NBBs while maintaining the aerogel properties, which frequently leads to 
amplification of the inherited properties and results in features that are unique to 
the aerogels.[9] For instance, pure metallic aerogels are promising electrocatalysts 
due to the intrinsic advantages from both metal NCs and aerogels.[10] To date, im-
proved electrocatalytic activities have been demonstrated on metallic aerogels de-
rived from noble metals (e.g. Pd, Pt, Au).[11-14] Nonetheless, the investigation of 
aerogel electrocatalysts is still in the early stages and is largely limited by the solid 
NBBs and simplified compositions.[10] The previous reports have demonstrated that 
the intimate relationship between the NBBs and the resulting aerogels offers oppor-
tunities to optimize the aerogel properties by tailoring the NBBs.[15] Thus, it holds 
great promise to endow aerogel electrocatalysts with improved catalytic properties 
by optimizing the metal NBBs in terms of morphology and alloying. 
As the most basic units of metallic aerogels, namely the metal NCs have been ex-
tensively investigated based on the surfactant-assisted precision synthesis that 
provides monodispersity, favourable morphologies, and controlled surface proper-
ties.[16] For instance, galvanic replacement offers a facile and versatile route to a 
variety of advanced NCs that often characterized by hollow interiors and tunable 
compositions.[17] Nevertheless, the typical sol-gel synthesis for aerogels is based on 
the controlled destabilization of the NC sols, which is generally achieved by slight 
depleting of stabilization or partial removal of the surfactants.[18] In this respect, 
the demand of surfactant throughout the synthesis obstructs the destabilization-
gelation step, rendering them stagnant in crossing the “sol-gel” bridge from nano 
materials to macro aerogels. Therefore, despite the tremendous advancements in 
nanotechnology, the development of aerogels via the regulation of the NBBs re-
mains one of the greatest challenges. In particular, the research of electrocatalysis 
on metallic aerogels lags far behind the flourishing nanoscience. From the perspec-
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tive of noble-metal-based catalysts, tailoring the morphology and transition metal 
doping remain the most efficient ways to improve their catalytic performance. How-
ever, these concepts remain quite difficult to be realized in the design of aerogel 
catalysts due to the incompatible reduction kinetics of multiple metal precursors 
and the hardly-implemented destabilization-gelation process. Besides, although ex-
tensive efforts have been devoted to the galvanic synthesis, the underlying struc-
tural growth mechanism remains elusive to date and is highly desirable. 
In this Chapter, we firstly address these challenges by demonstrating a new class of 
hierarchical aerogels composed of multimetallic Ni-PdxPty NBBs with continuously 
engineered shape and compositions. Several important features can be highlighted: 
(i) the morphology of the NBBs was in situ engineered from HNSs to dendritic 
nanocrystals (DNCs), which were further applied to construct aerogel monoliths by 
a facile and large-scalable sol-gel method. This results in aerogels with hierarchical 
structures organizing the nanoscale regulated architecture and macroscale 3D net-
work structure, leading to an abundance of exposed edges and a high surface area 
(varying from 95.4 to 67.7 m2 g1 for different compositions). (ii) The shape engi-
neering was based on the surprisingly different behavior of Pd2+ and Pt2+ ions on 
galvanic replacement reactions with Ni NCs. With the aid of time-dependent TEM 
and first principle molecular dynamics (MD) simulations, the structural growth 
mechanism underlying the galvanic replacement was revealed in terms of nan-
owelding of the particulate reaction intermediates. (iii) These hierarchical aerogels 
combine the advantages from the joint hollow-dendritic morphologies, the multime-
tallic alloying and the aerogel structures, serving as significant roles in enhancing 
catalysis. As a demonstration, the Ni-Pd60Pt40 aerogel exhibits remarkable electro-
catalytic activity which is 10.6 and 7.6-fold higher than the state-of-the-art Pd/C 
and Pt/C catalysts, respectively, taking EOR as the example. Moreover, the durabil-
ity of the hierarchical aerogels was largely improved due to the avoidance of carbon 
corrosion. Consequently, fundamental challenge to attain hierarchical aerogels with 
engineered NBBs is successfully addressed and these findings hold the potential for 
inspiring further development of galvanic synthesis. 
 
3.2. Synthesis and Characterizations 
3.2.1. Synthesis of Ni-PdxPty hierarchical aerogels 
As discussed in Chapter 1, the first step of Strategy I (Figure 1.4) for the synthesis 
of hierarchical aerogels is the preparation of structure-tuned building blocks. Herein, 
Ni-PdxPty NBBs with controlled morphology and compositions were synthesized via a 
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galvanic replacement method using Ni NPs as sacrificial templates under inert at-
mosphere.  
 
Figure 3.1. TEM images of the isolated NBBs for the hierarchical aerogels with 
different compositions: a) Ni-Pd, b) Ni-Pd80Pt20, c) Ni-Pd60Pt40, d) Ni-
Pd40Pt60, e) Ni-Pd20Pt80, f) Ni-Pt. Scale bar is 10 nm.  
 
Figure 3.2. The precise control of the chemical compositions via tuning the pre-
cursor. a) The relationship between the Pd:Pt precursor molar ratios 
and the Pd:Pt molar ratios in the final aerogel products. b) The Ni 
content of the Ni-PdxPty aerogels with varied Pd:Pt ratios.  
Metallic hierarchical aerogels for electrocatalytic applications 
60 
 
As shown in Figure 3.1, the Ni-PdxPty NBBs possess a well-defined monodispersity 
with an average diameter of ~23 nm. By tuning their composition, the morphology 
of the Ni-PdxPty NBBs exhibits a uniform hollow structure when no Pt is involved and 
gradually collapses and evolves into dendritic structure along with the increase of Pt 
content. By controlling of the Pd/Pt precursor ratios, the Pd:Pt molar ratio of the re-
sulting aerogels can be precisely tuned while the Ni content is fixed at ~20 % (Fig-
ure3.2).  
 
Scheme 3.1. Schematic illustration of the shape and composition engineering of 
the NBBs for the hierarchical aerogels.  
 
Figure 3.3. Digital photos of the as-prepared multimetallic hierarchical Ni-PdxPty 
aerogels with different compositions: a) Ni-Pd, b) Ni-Pd80Pt20, c) Ni-
Pd60Pt40, d) Ni-Pd40Pt60, e) Ni-Pd20Pt80, f) Ni-Pt.  
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The synthesis procedure of the multimetallic hierarchical Ni-PdxPty aerogels is illus-
trated in Scheme 3.1. Since aqueous sols of the NBBs are usually very stable in the 
as-prepared state, it is necessary to concentrate the sols and eliminate most of the 
stabilizers to reach a “metastable state” (Without destabilization, the concentrated 
sols were stable for more than 1 month). Then, the hydrogel was achieved by heat-
ing the concentrated sols at 348 K for 6 h followed by ageing for 2 days. During the 
gelation, the NBBs connected and fused into a well-defined 3D necklace-like net-
work structures. After the interstitial solvent of the resulting hydrogel was ex-
changed with acetone followed by supercritical drying, self-supported metallic aero-
gel monoliths were obtained (Figure 3.3). The resulting aerogel monoliths are 
shaped like a cylinder, as the gelation and drying process were all carried out in cy-
lindrical containers. Thus the formula for the volume of a cylinder was employed to 
estimate the volume. After weighing it by a balance, the mass density can be briefly 
obtained. The density was estimated to be 0.035-0.050 g cm-3, which is by far low-
er than the corresponding bulk metals. 
3.2.2. Morphological characterizations 
 
Figure 3.4. Medium magnification TEM images of the as-prepared multimetallic 
hierarchical Ni-PdxPty aerogels with different compositions: a) Ni-Pd, 
b) Ni-Pd80Pt20, c) Ni-Pd60Pt40, d) Ni-Pd40Pt60, e) Ni-Pd20Pt80, f) Ni-Pt. 
Scale bar is 20 nm. Insets are the corresponding low magnification 
TEM images with scale bars of 100 nm.  
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As revealed by the TEM images (Figure 3.4), the monodisperse NBBs interconnect 
randomly forming an extensive 3D gel structure arising from random interconnec-
tion and fusion of individual NBBs during the gelation process. The morphological 
characteristics of the starting NBBs were mostly maintained after the formation of 
gel structures, thus leading to the birth of hierarchical aerogel. Besides, a wide pore 
size distribution (ranging from nano and meso to macro pores) can also be ob-
served in the resulting hierarchical aerogels.  
 
Figure 3.5. HR-TEM images of the Ni-PdxPty aerogels with different compositions 
focusing on single NBBs: a) Ni-Pd, b) Ni-Pd80Pt20, c) Ni-Pd60Pt40, d) 
Ni-Pd40Pt60, e) Ni-Pd20Pt80, f) Ni-Pt. Scale bars are 2 nm.  
The nanoscale morphology of the hierarchical aerogels was revealed by HR-TEM 
images (Figure 3.5) focusing on single NBBs, which shows the morphological evolu-
tion of the Ni-PdxPty NBBs with continuously controlled compositions. Similar to the 
starting NBBs, the edge compositions exhibit entirely different structural behavior. 
The Pt free Ni-Pd NBBs exhibit a hollow-spherical shape with a diameter of ca. 23 
nm and a shell thickness of ca. 3 nm, whilst the Pd-free Ni-Pt NBBs show a dendrit-
ic morphology with sharp corners and edges. With increasing Pt ratio, the Pd-rich 
Ni-PdxPty NBBs first show broken holes on the spherical shell and then gradually 
collapse. Eventually, the fragments connect to a branched structure until the over-
whelming Pt ratio turns them into a dendritic morphology.  
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Figure 3.6. HR-TEM images of the fused connection area between two adjacent 
NBBs of the as-prepared multimetallic hierarchical Ni-PdxPty aerogels: 
a) Ni-Pd, b) Ni-Pd80Pt20, c) Ni-Pd60Pt40, d) Ni-Pd40Pt60, e) Ni-Pd20Pt80, f) 
Ni-Pt. Scale bars are 2 nm.  
 
Figure 3.7. SEM images of the as-prepared multimetallic hierarchical Ni-PdxPty 
aerogels with different compositions: a) Ni-Pd, b) Ni-Pd80Pt20, c) Ni-
Pd60Pt40, d) Ni-Pd40Pt60, e) Ni-Pd20Pt80, f) Ni-Pt. Scale bars are 1 µm.  
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Well-defined lattice fringes observed throughout the individual NBBs (Figure 3.5) 
and the fused connection areas (Figure 3.6) reveal that the Ni-PdxPty aerogels are 
polycrystalline with a fcc structure. The crystalline domains containing lattice planes 
with interplanar distances of about 2.31 Å are assigned to the (111) plane and are 
widely distributed in the hierarchical aerogel structures.  
The ultralow density estimated by macroscopic measurements indicates high poros-
ity of the as-prepared hierarchical aerogels. As shown in the SEM images (Figure 
3.7), the hierarchical aerogels exhibit a high porosity with a large number of open 
pores and tunnels. Similarly interconnected 3D networks with extended necklace-
like nanochains are observed for different compositions. 
3.2.3. Crystalline, structural, alloying and surface properties 
 
Figure 3.8. XRD patterns of the as-prepared Ni-PdxPty hierarchical aerogels with 
different compositions. The standard Ni (JCPDS file: 00-004-0850), 
Pd (JCPDS file: 04-016-4693), and Pt (JCPDS file: 01-070-2057) pat-
terns are selected as references at the bottom. 
As shown in Figure 3.8, XRD analysis further confirmed the crystalline properties of 
the multimetallic aerogels. The typical diffraction peaks of the fcc Pd/Pt structure 
shift to larger diffraction angles, indicating a lattice contraction induced by Ni alloy-
ing. Hence, the slight shrinkage of the lattice parameters (c.f. section 3.2.2) can be 
explained by the permeation of Ni atoms into the Pd/Pt lattice which results in 
smaller crystallographic unit cells.[15] 
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Figure 3.9. N2 physisorption isotherms as well as pore size distribution and cu-
mulative pore volumes (inset) of the Ni-Pd60Pt40 aerogel.  
 
Figure 3.10. HAADF-STEM micrograph with corresponding element maps of the Ni-
Pd60Pt40 aerogel. Scale bar is 10 nm. 
The specific surface area and porosity were further evaluated based on the N2 phy-
sisorption isotherms (Figure 3.9 and Figure 3.S1). The adsorption isotherm com-
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bines the characteristics of type II and type IV isotherms, indicating the wide 
spread of both meso- and macro-pores within the aerogel structures. As estimated 
from the BET plots, the specific surface area of the Ni-PdxPty aerogels ranges from 
95.4 to 67.7 m2 g1, which is much higher than the values reported for other porous 
metals.[19] Taking the Ni-Pd60Pt40 aerogel as an example (Figure 3.9), the pore size 
distribution analysis exhibits several peaks at ca. 3-7 nm which can be attributed to 
the collapsed hollow cavity of the NBBs. The molar surface area of the aerogels var-
ies from 9.4×103 to 11.4×103 m2 mol-1, slightly lower than typical silica aerogels 
(30×103 m2 mol-1).[4] The presence of meso- and macropores in the aerogel agrees 
well with the SEM and TEM images (c.f. section 3.2.2). As shown in the pore size 
distribution analysis based on the BJH model (Figure 3.S1), the pore distribution 
peak at ~20nm decrease gradually with the increase of Pt content and finally dis-
appears.  
Alloying of the aerogel structures was further confirmed by the elemental mapping 
based on energy-dispersive X-ray spectroscopy in the STEM mode, where the Ni, Pd 
and Pt are distributed throughout the necklace-like backbones (Figure 3.10). Addi-
tional mapping profiles for other compositions can be found in section 3.7 (Figure 3. 
S2). The surface properties of the multimetallic aerogels were investigated by XPS, 
taking the Ni-Pd60Pt40 aerogel as an example (Figure 3.11). The multimetallic aero-
gels exhibit higher ratio of metallic state (Pd0 and Pt0) over oxide state (PdII and 
PtII), which may contribute to improved catalytic properties for electrocatalysis.[20] 
 
Figure 3.11. XPS characterizations of the Ni-Pd60Pt40 aerogel, including the Pt 4f, 
Pd 3d and Ni 2p patterns. 
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3.3. Nanowelding-mediated morphological evolution 
3.3.1. Time-dependent TEM study 
Galvanic replacement reactions, accompanied with the Kirkendall effect, have been 
widely applied in the synthesis of hollow structures.[17] However, in this chapter, it 
was employed to regulate the morphology from hollow-spherical to dendritic by 
tuning the oxidative elements. Given that the platinum-group metals have similar 
physiochemical properties (e.g. higher redox potentials and similar atomic radius), 
it is of significant interest to study the driving force that governs the composition-
dependent morphologies.[21]  
 
Figure 3.12. Time-dependent TEM images of a) Ni NPs and b) Ni-Pd and c) Ni-Pt 
systems monitored at different reaction times. d) Schematic illustra-
tion of the proposed growth mechanism of the Ni-Pd and Ni-Pt sys-
tems.  
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Herein, the most representative compositions (i.e. Ni-Pd and Ni-Pt systems) were 
selected to study their structural growing mechanism. As shown in Figure 3.12, we 
monitored the galvanic replacement at different reaction times by TEM to reveal the 
growth pathway of the Ni-Pd and Ni-Pt NBBs.  
Figure 3.12d schematically illustrates the major steps involved in the growth path-
way deduced from the TEM images. Before the injection of Pd/Pt precursors, the Ni 
NPs show a spherical morphology (Figure 3.12a). It should be noted that the NiOx 
shell is unavoidable because of the ambient oxygen during the preparation of TEM 
grids. After the injection of Pd2+/Pt2+ precursors, the galvanic reactions (Equation 
3.1) on the Ni NPs are initiated immediately at the site with highest surface 
energy.[22] 
Ni + PdCl4
2- → Pd + Ni2+ + 4Cl-  &  Ni + PtCl4
2- → Pt + Ni2+ + 4Cl-         3.1 
As a result, Ni atoms are oxidized and released into the solution, whilst the elec-
trons are captured by Pd2+/Pt2+ ions to generate Pd/Pt atoms. The TEM images (10s 
in Figure 3.12b-c and step 1 in Figure 3.12d) indicate that the newly formed Pd/Pt 
atoms tend to nucleate as isolated intermediate nanoparticles (INPs) instead of 
forming a thin layer on the Ni surface.  
 
Figure 3.13. a) Two configurations of the deposition of Pd/Pt atoms: (1) the sub-
sequent Pd/Pt atom deposit next to the previous one; (2) the subse-
quent Pd/Pt atom deposit far away from the previous one. b) The en-
ergy difference of the two configurations for both Ni-Pd and Ni-Pt sys-
tems.  
This thermodynamically driven behavior was further confirmed by MD simulations 
(Figure 3.13). When the Pd2+/Pt2+ precursors were mixed with Ni NPs, the first 
formed Pd/Pt atom would replace the location of the Ni atom with highest energy. 
Afterwards, the subsequent Pd/Pt atom would have two kinds of locations to deposit: 
one is next to the previous Pd/Pt atom (conf. 1); another is away from the previous 
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atom (conf. 2). Figure 3.13b compares the energy of these two configurations, 
which shows that the conf. 1 has lower energy for both Ni-Pd and Ni-Pt systems. 
Therefore, the deposition of Pd and Pt atoms tend to nucleate as particles instead of 
cover the Ni surface as a monolayer. 
The nucleation of the INPs is always accompanied with alloying with template met-
als, rendering the INPs composed of Ni-Pd or Ni-Pt.[17] As the reaction proceeded 
(30s in Figure 3.12b-c and step 2 in Figure 3.12d), the INPs with a diameter of ~2 
nm gradually cover the surface and the gaps between them will allow the Pd2+/Pt2+ 
ions to diffuse in and Ni2+ to diffuse out of the cavity. During and after the deposi-
tion of the INPs, the dissolution of the Ni interior (after 30s in Figure 3.12b-c and 
step 2 in Figure 3.12d) is ascribed to not only the galvanic consumption, but also 
the instability of Ni in the presence of Pd and Pt (c.f. the followed section). 
3.3.2. Dissolution of Ni in the presence of Pd/Pt NPs 
 
Figure 3.14. a) TEM images of Ni NPs. TEM images of mixture of Ni NPs and Pd 
NPs b) before and c) after stirring for 24h. TEM images of mixture of 
Ni NPs and Pt NPs b) before and c) after stirring for 24h. Insets are 
the corresponding digital picture of the NP solution. 
It should be noted that, for the synthesis of the shape-engineered NBBs, the initial 
Pd/Pt precursor is 3 times less than that of Ni, indicating that the galvanic reaction 
cannot fully consume the inner Ni atoms. However, the final Ni content of the re-
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sulting aerogels is around 20% (c.f. Figure 3.2). In this respect, we suppose that 
the residual Ni after the galvanic reaction was dissolved because of the deposition 
of Pd and Pt NPs.  
To prove it, as shown in Figure 3.14, we added 1 mL of concentrated dispersion (~2 
mM) of Pd NPs and Pt NPs into 10 mL dispersion (~1.3 mM) of freshly prepared Ni 
NPs. After stirring this mixture for 24h under the protection of inert atmosphere, 
the solution turned to colorless, indicating the dissolution of Ni NPs. Figure 3.14a 
shows the freshly prepared Ni NPs with spherical morphology. As shown in Figure 
3.14b,d, the Ni NPs exhibit etched morphology due to the presence of Pd and Pt 
NPs. After 24h, the Ni NPs disappear while the Pd or Pt NPs remain stable in the so-
lution. Consequently, we assume that the Pd or Pt NPs can catalyze the dissolution 
of Ni NPs. 
 
Figure 3.15. Side and top views of the Pd and Pt nanoclusters on Ni (111) surface. 
Structure optimization shows a displacement of Ni atom of about 
0.96 Å for Pd nanocluster on Ni (111) surface. In the case of Pt 
nanoclusters, the displacements of the Ni atom (about 0.94 Å) are 
observed after 3ps MD simulation at 300K. 
To the best of our knowledge, the dissolution of Ni catalyzed by Pd or Pt has not 
been reported yet and the underlying mechanism remains unclear. With the aid of 
MD simulations, we studied the stability of the Ni (111) surface with an attachment 
of Pd or Pt nanoclusters. As shown in Figure 3.15, the attached Pd and Pt nanoclus-
ters stimulate the displacements of the neighboring Ni atoms up to 0.96 and 0.94 Å, 
respectively, indicating a possible disassociation of Ni atoms. Combined with Figure 
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3.14, it is reasonable to deduce that Pd or Pt NPs are good catalysts for the dissolu-
tion of Ni NPs. Therefore, the dissolution of Ni interior (after 30s in Figure 3.12b-c 
and step 2 in Figure 3.12d) is ascribed to not only the galvanic consumption, but 
also the instability of Ni in the presence of Pd and Pt. 
3.3.2. Nanowelding of the surface INPs 
The growth pathway of the Ni-Pd and Ni-Pt systems are similar in the early steps of 
the galvanic reaction, both leading to the nucleation of alloyed INPs on the surface. 
However, as shown in Figure 3.12b-c (1 min) and d (step 3), differences start to 
appear after a large portion of the Ni interior is dissolved. During the dissolution of 
the Ni interior, the surface INPs gradually lose their support and easily collapse. 
However, if the surface INPs can connect and weld into a self-supported shell struc-
ture before full dissolution of the inner Ni atoms, such collapse can be prevented. 
Therefore, we propose a growth mechanism that ascribes the morphological differ-
ences to the “nanowelding ability” of the surface NiPd or NiPt INPs (Scheme 3.2) 
 
Scheme 3.2. Schematic illustration of the nanowelding behavior of the surface 
INPs during the galvanic replacement reaction. 
Welding of nanoscale metals is a solid-state process that occurs by transport of at-
oms via atomic dissolution and surface relaxation to reduce the surface free 
energy.[23, 24] To verify the welding difference of the NiPd and NiPt INPs, MD simula-
tions at 600K were carried out to track the welding process of two contacted parti-
cles in the form of Ni20Pd80 and Ni20Pt80 (the compositions are set according to the 
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final aerogels). The alloyed NiPd and NiPt particles are set with polyhedral shape 
and fcc structure bound mainly with (111) facets. As shown in Figure 3.16, the NiPd 
particles with fcc structure came into contact with a contact area limited to 2 atoms. 
Then, atomic diffusion on the metallic surface was thermodynamically activated and 
the surface atoms seem more energetic than those in the interior. After 7ps, the 
contact area is increased due to interparticle diffusion of atoms, indicating the weld-
ing of the two particles. After 15 ps, the integration of two particles proceeds fur-
ther. The NiPt particles display a similar welding behavior. To differentiate the weld-
ing ability of the two systems, we calculated the total surface area as a function of 
time as shown in Figure 3.16b. Since the degree of integration of two particles is 
proportional to the decrease of their total surface area, it is clearly seen that the 
NiPd particles shows better welding ability, which indicates a faster fusion and con-
nection of the particles. At the same time, NiPt particles need more time to fully 
fuse and get connected. 
 
Figure 3.16. MD simulation of the nanowelding behavior of NiPd and NiPt particle 
systems. a) Time evolution of the welding process of the Ni20Pd80 and 
Ni20Pt80 systems comprising 2 particles adjacent to (111) facets. b) 
Comparison of the welding rate of the Ni20Pd80 and Ni20Pt80 systems 
based on total surface area. 
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The differences observed in the welding simulation of the NiPd and NiPt particles 
agree well with the experimental results. As the Pd/Pt atoms deposit and nucleate 
on the Ni surface, the Ni interior continues to dissolve which makes the surface pre-
formed NiPd and NiPt INPs becoming gradually unsupported (Step a in Scheme 3.2). 
Due to the incomplete separation between the INPs and Ni support, the surface 
INPs will fall towards the center during the gradually depriving of the interior sup-
port. During the surface INPs “walking” into the center, the Brownian motion may 
let them collide for a certain probability. Because of a better welding ability, the 
NiPd INPs are easier to fuse and connect once they touch each other. Thus the dis-
solution of the inner Ni support results in a smooth hollow shell structure. However, 
the welding and connection of NiPt INPs is insufficient during the relatively fast los-
ing of Ni support, thus results in a collapse of the partially-connected surface INPs 
and then the formation of a dendritic structure. It should be noted that the fusion 
and connection between the NBBs during the followed gelation process is different 
from the nanowelding behavior of the INPs. 
 
3.4. Electrocatalytic performance 
3.4.1 Electrochemical surface properties 
It is reasonable to anticipate that the hierarchical aerogels are electrochemically 
more accessible due to the combination of a regulated architecture on nanoscale 
and a 3D porous network structure on macroscale.[10] Furthermore, recent studies 
suggest that multimetallic alloying offers new possibilities for boosting electrocatal-
ysis performance.[25-28] To this end, we chose the EOR to evaluate the electrocata-
lytic properties of the multimetallic hierarchical aerogels. Before the EOR test, the 
aerogels were subjected to CVs in 1 M NaOH solution to clean and activate the sur-
face (Figure 3.17).  
The ECSA were estimated by employing the reduction peak of Pd/Pt oxide and as-
suming a charge density of 430 mC cm-2 for the formation of a monolayer Pd/Pt ox-
ide.[29] The Ni-PdxPty aerogels exhibit higher ECSA values (55.5, 54.7, 54.3, 52.3, 
49.2, 46.9 m2 g-1 with the Pd:Pt ratio ranging from 100:0, 80:20, 60:40, 40:60, 
20:80, to 0:100) than both the Pd/C and Pt/C catalysts (42.3 and 44.3 m2 g-1, re-
spectively). The higher ECSA values indicate more accessible active sites, suggest-
ing an increase of the utilization efficiency of noble metals.  
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Figure 3.17. CVs of the Ni-PdxPty aerogels with different compositions, commercial 
Pd/C and Pt/C catalysts in N2-saturated 1 M NaOH solution. Loading 
of noble metal (Pd+Pt) is 20 μg cm-2. Scan rate: 100 mV s-1. 
3.4.2 Electrocatalytic activities for EOR 
As depicted in Figure 3.18a, the polarization curves show considerably higher cur-
rent density and more negative onset potentials of ethanol oxidation for the Ni-
PdxPty aerogels than the Pd/C and Pt/C, highlighting the importance of the multime-
tallic alloying effect in the enhancement of EOR kinetics. The Ni-Pd60Pt40 aerogel 
shows the highest MA (6.87 A mg-1) with an impressive improvement factor of 10.6 
and 7.6 over the commercial Pd/C and Pt/C, respectively (Figure 3.18b). The mass 
specific activities were evaluated from the CVs (Figure 3.S3) recorded at a sweep 
rate of 50 mV s-1 by normalizing with respect to the loading amount of noble metals 
and ECSA. As summarized in Figure 3.19, the MAs of the Ni-PdxPty aerogels are 
largely improved in comparison to the commercial Pd/C and Pt/C. The Ni-PdxPty 
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aerogels also display higher SAs and the Ni-Pd60Pt40 aerogel exhibits the highest SA 
value (12.7 mA cm-2), which is 8.5 and 6.4-fold higher than those of the Pd/C and 
Pt/C catalysts, respectively.  
 
Figure 3.18. a) Noble-metal-mass normalized polarization curves of the Ni-PdxPty 
aerogels with different compositions and the Pd/C and Pt/C catalysts. 
b) Noble-metal-mass normalized CVs of the Ni-Pd60Pt40 hierarchical 
aerogel in comparison with the Pd60Pt40 aerogel, Pd/C and Pt/C cata-
lysts. The loading of noble metal is 20 µg cm-2. Scan rate: 50 mV s-1. 
Electrolyte: 1 M NaOH + 1 M ethanol. 
 
Figure 3.19. a) Mass and b) specific activities of the Ni-PdxPty aerogels with differ-
ent compositions and the Pd/C and Pt/C catalysts.  
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Figure 3.20. a) CVs and b) noble-metal mass normalized CVs of the Ni-Pd60Pt40 
aerogel in comparison with the Pd60Pt40 aerogel. Electrolyte of the N2-
saturated solution is a) 1 M NaOH for blank scan and b) 1 M NaOH + 
1 M ethanol. Scan rate is a) 100 mV s-1 and b) 50 mV s-1. The loading 
of noble metal is 20 µg cm-2.  
To further test the superiority of the multimetallic hierarchical aerogel, the PdxPty 
aerogels prepared according to our previous report are selected as references.[12] 
As shown in Figure 3.20, Pd60Pt40 and Pd20Pt80 aerogels were selected as the exam-
ple to evaluate the EOR activity of the PdxPty aerogels. The Pd60Pt40 and Pd20Pt80 
aerogels exhibit ECSA values of 48.1 and 34.0 m2 g-1, respectively, which are lower 
than that of the hierarchical Ni-Pd60Pt40 aerogel (54.3 m
2 g-1). As shown in Figure 
3.20b, the hierarchical Ni-Pd60Pt40 aerogel shows 1.5-fold and 3.2-fold higher MA 
(6.87 A mg-1) than the Pd60Pt40 (4.63 A mg
-1) and Pd20Pt80 (2.12 A mg
-1) aerogels, 
respectively. Furthermore, the SA of the hierarchical Ni-Pd60Pt40 aerogel (12.7 mA 
cm-2) is also higher than the Pd60Pt40 (9.6 mA cm
-2) and Pd20Pt80 (6.2 mA cm
-2) aer-
ogels. 
The higher MA and SA of the ternary Ni-PdxPty aerogels over the binary NiPd and 
NiPt aerogels indicates that the Pd-Pt complexing plays an important role in boost-
ing their electrocatalytic activities. The contribution from the Ni doping was demon-
strated by the higher activities of the Ni-PdxPty aerogels over the Ni-free PdxPty aer-
ogels. In addition, the hierarchical aerogel structures offer the advantages of high 
porosity, large surface area and synergistic interactions to the aerogel catalysts, 
which facilitate the mass transfer and expose more active sites for catalysis. Con-
sequently, the improvement of the catalytic performance of the hierarchical Ni-
PdxPty aerogels is ascribed to two aspects: (i) multimetallic alloying effect, including 
the Pd-Pt complexing and the Ni doping; (ii) hierarchical structure, including the 
controlled morphology of the building blocks and the 3D porous aerogel structure. 
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The synergy of the aforementioned effects contributes simultaneously to the large 
activity improvement of the multimetallic hierarchical aerogels. 
3.4.3 Electrochemical durability  
 
Figure 3.21. a) Noble metal mass normalized i-t curves of the Ni-PdxPty aerogels 
with different compositions, Pd/C and Pt/C catalysts. b) Comparison 
of the 1st, 2nd, 10th, 50th and 100th CVs of the Ni-Pd60Pt40 aerogel at a 
scan rate of 50 mV s-1. Electrolyte: N2-saturated 1 M NaOH + 1 M 
ethanol. Loading of noble metal (Pd+Pt) is 20 μg cm-2.  
The self-supportability of the metallic aerogels guarantees high stability due to the 
elimination of carbon support corrosion.[25] The durability of the multimetallic aero-
gels was studied by chronoamperometry and CV cycling tests (Figure 3.21). The 
porous structure of the NBBs, the 3D aerogel backbone and the MA of the aerogel 
catalysts are mostly retained even after 2000 s of chronoamperometry test or 100 
cycles of stability test.  
Potentials for chronoamperometry were set at their half-wave potentials defined 
from the CVs for EOR (c.f. Figure 3.S3). For the CV cycling test, the electrodes were 
subjected to CV scans between -1.0 and 0.5 V in 1M NaOH for 20 cycles (until sta-
ble). Then the aerogel modified electrode was subjected to CV scans at 50 mV s-1 in 
1M NaOH + 1M ethanol. The CV curves show gradually increased current in the ini-
tial stage (1st and 2nd cycles) and then leveled off after about 10 cycles. After 50 
cycles, the CV curves still can coincide completely, which means there is no loss of 
activity. Even after 100 cycles, the CV curve shows only a slight decrease of the 
peak current (about 3%). 
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Figure 3.22. TEM images of the Ni-Pd60Pt40 aerogel after a,d) 2, b,e) 10 and c,f) 
100 cycles of CV scans (according to Figure 3.21b) between -0.9 V 
and 0.3 V (vs. Ag/AgCl, 1M KCl). Scan rate: 50 mV s-1. Electrolyte: 
1M NaOH + 1M ethanol.  
The morphology of the Ni-Pd60Pt40 aerogel catalyst during the CV stability test was 
characterized by TEM and presented in Figure 3.22. After certain cycles of CV scan, 
the aerogels were stripped from the electrode mechanically and re-dispersed in 
ethanol for TEM grid preparation. The porous structure of the NBBs and the 3D aer-
ogel structure are mostly retained even after 100 cycles of stability test. 
 
3.5. Conclusion 
In summary, this chapter demonstrates a new class of multimetallic hierarchical 
aerogels which are derived from alloyed Ni-PdxPty NBBs with in-situ engineered 
morphologies and compositions. The hierarchical aerogels combine two levels of po-
rous structures, including the nanoscale hollow-spherical or dendritic morphologies 
of the NBBs and the macroscale aerogel nature, which integrates several catalysis 
enhancement factors such as high porosity, large surface area, multimetallic alloy-
ing, and self-supportability. The underlying mechanism of the galvanic shape-
engineering is elucidated in terms of nanowelding of INPs based on time-dependent 
TEM studies and MD simulations. As a demonstration, the lower welding ability of 
Pt-dominant INPs leads to insufficient connection and welding of the INPs during 
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the galvanic reaction, which results in a dendritic structure. This unconventional 
mechanism of galvanic replacement holds the potential for inspiring future work on 
galvanic synthesis. The EOR activity was largely improved upon the multimetallic 
hierarchical aerogels, and the Ni-Pd60Pt40 aerogel exhibits the highest MA and SA 
values, which are 10.6 and 7.6-fold higher than those of the Pd/C and Pt/C cata-
lysts. This work highlights the great potential of multimetallic hierarchical aerogels 
as highly efficient electrocatalysts through engineering the NBBs by nanotechnology. 
This approach may be further generalized for hierarchical aerogels with other mor-
phologies and different catalysis reactions. 
 
3.6. Experimental details 
3.6.1. Reagents 
Nickel(II) chloride hexahydrate (NiCl2·6H2O, 98%), sodium citrate (99%), sodium 
borohydride (NaBH4, 98%), potassium tetrachloropalladate (II) (K2PdCl4, 99.99%), 
Potassium tetrachloroplatinate(II) (K2PtCl4) (98%), commercial palladium on carbon 
(Pd/C, 20 wt % loading, with a particle size of 4.1 ± 1.2 nm), and 5 wt % Nafion 
were purchased from Sigma Aldrich and used as received without further purifica-
tion. Commercial Platinum on carbon (Pt/C, 20 wt % loading, with a particle size of 
about 4 nm) was purchased from Alfa Aesar. Sodium hydroxide (NaOH) and ethanol 
were purchased from VWR. Acetone (Analysis grade) was received from Merck. Mil-
li-Q water was used throughout for preparing aqueous solution. All the glasses were 
washed by aqua regia followed by water before use. 
3.6.2. Preparation of shape-controlled Ni-PdxPty NBBs 
The sacrificial Ni nanoparticles (NPs) were synthesized using the borohydride reduc-
tion method (c.f. Chapter 2). Brieﬂy, 1.6 mL of 0.1M NiCl2·6H2O were added to 100 
mL water under mild stirring, followed by adding 2 mL of 0.2M sodium citrate as 
the stabilizers. After deoxygenating with nitrogen for 30 min, 10 mL of freshly pre-
pared reducing agent solution containing 10 mg NaBH4 was added into the mixed 
solution under vigorous stirring. The color of the solution turned dark grey after ad-
dition of NaBH4, indicating the formation of Ni NPs. After about 5 min, 10 mL Pd/Pt 
precursor solution which was diluted by 0.85 mL Pd/Pt precursor solution (40 mM 
K2PdCl4+K2PtCl4, with controlled molar ratios) was added to the Ni NPs colloid under 
vigorous stirring. The galvanic reaction was allowed to continue for another 30 min 
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under stirring. The nitrogen bubbling was maintained throughout the whole prepa-
ration process in order to protect the Ni NPs from oxidation. 
3.6.3. Gelation of shape-controlled Ni-PdxPty NBBs 
Before the gelation of the Ni-PdxPty NBBs, polystyrene centrifuge filters (Sartorius, 
Vivaspin, 20 mL, MWCO 1000000) were employed to concentrate the HNS solution. 
The centrifuge filters were three times washed with water before use at 1000 g 
(relative centrifugal force, 1 RCF= 1 g). Firstly, the centrifuge filters which were 
filled with 20 mL of the NBB solution were centrifuged at 300 g for 12 min to reduce 
the volume to ~2 mL. The volume of the HNS solution was stepwise reduced from 
130 mL to 10 mL in the way described. To remove the residual stabilizer and impu-
rities, the resulted 10 mL of solution was diluted to 60 mL and then re-concentrated. 
The second concentration process was operated at 200 g for 20 min. Finally, the 
volume of the concentrated and washed colloidal solution is fixed at 3 mL. 
The gelation of the NBB sols took place at 348 K within six hours. After the gel for-
mation a black monolith (hydrogel) was settled down in solution whereas the su-
pernatant becomes colorless. 
3.6.4. Supercritical drying 
The resulted hydrogels were washed carefully with water for 10 times to further 
remove the residual impurities. Prior to the drying procedure, the supernatant of 
the hydrogel was carefully exchanged against pure acetone for several times (dur-
ing 3-4 days). 
The resulted anhydrous, acetone-containing gels were transferred into a critical 
point dryer for supercritical CO2 drying (13200J0AB from Spi Supplies). The cham-
ber was flushed with liquid CO2 to exchange the acetone (~50 bars). After over-
night storage of the gels in the autoclave at 15-18 0C the chamber was flushed 
again. In order to convert the liquid CO2 to the supercritical state the chamber was 
heated to 36 0C causing an increase of the pressure (~75 bar). Finally, the CO2 was 
slowly discharged by reducing the pressure whilst keeping the temperature con-
stant. 
3.6.5. Synthesis of PdxPty aerogels 
The PtxPdy hydrogels were used as reference catalysts for ethanol oxidation. The 
PtxPdy hydrogels were prepared via the simple mixing reaction of K2PdCl4/H2PtCl6 
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with NaBH4 in aqueous solution.
[12] The ratio of Pd to Pt in the PtxPdy hydrogels 
were controlled by tuning the ratio of K2PdCl4/H2PtCl6. The final hydrogels were 
washed and supercritical dried to aerogels. 
3.6.6. Theoretical calculations 
Density functional theory approaches were used for the total energy calculations as 
well as MD simulations by means of a mixed Gaussian and plane wave method us-
ing the cp2k code.[30-34] The PBE exchange-correlation functional was used in all cal-
culations, as well as the corresponding norm-conserving pseudo-potential GTH 
(Goedecker, Teter and Hutter). A DZVP (double zeta for valence electrons plus po-
larization functions) basis set complemented with a plane-wave basis set energy 
cut-off 350 Ry. Dispersion corrections were included through the standard D2 
Grimme parameterization.[35] The convergence criteria for both geometries and en-
ergy calculations were set to 1 x 10-7 Hartree for the SCF energy and 9 x 10-4 (Har-
tree per Radian). For surface calculations, the 4 x 4 unitcell of Ni (111) with a slab 
gap of about 18 Å is used as a substrate. Pd/Pt based nanoparticles with 79 atoms 
are taken into account where 16 Pd/Pt atoms randomly replaced with Ni atoms. In 
this case, calculations were performed with a supercell with box size of 80 × 50 × 
50 Å3. These dimensions ensure us to avoid spurious interactions between neigh-
boring cells when implementing periodic boundary conditions. The MD calculations 
are carried out using a Nose-Hoover thermostat with a time constant of 1 fs at dif-
ferent temperatures. 
3.6.7. Electrocatalytic measurements 
As working electrode, GCE (3 mm in diameter) was polished with 0.3 μm alumina 
slurry and then washed ultrasonically in ethanol and water, respectively. The 
cleaned GC electrode was dried with an N2 steam for the next modification. A plati-
num foil was used as the counter electrode with Ag/AgCl (1M KCl) electrode as the 
reference electrode respectively. 1.5 mg of the aerogels was dispersed in 2 mL wa-
ter using mild sonication and vigorous shaking. The concentrations of noble metals 
in the inks were confirmed by ICP-OES. The aerogel inks were deposited on the 
GCE and evaporated to dry at room atmosphere, forming a uniform thin layer. Then 
5 μL of Nafion (0.5 wt % in ethanol) was coated on the surface of the aerogel modi-
fied GCE. The loading of noble metal is about 20 μg cm-2.  
The CVs were conducted under N2 atmosphere at room temperature. The CVs rec-
orded for the oxidation of ethanol was conducted under the IR compensation of 10 
ohm. The current density of the CVs for mass activity determination was normalized 
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to the noble metal mass without counting the Ni content. The specific activity relat-
ed CVs were obtained by dividing the current by their ECSA values.  
For the mass activity recovery, the catalyst modified electrode was firstly rinsed by 
N2-saturated 1M NaOH solution to remove the absorbed bubbles immediately after 
the stability test, and then subject to CV scans between -1.0 and 0.5 V in N2-
saturated 1 M NaOH aqueous solution for 20 cycles with a scan rate of 100 mV s-1 
to recover a “clean” surface. Afterwards, the electrodes were subject to CV scans 
between -0.9 and 0.3 V in N2-saturated 1 M NaOH + 1 M ethanol solution with a 
scan rate of 50 mV s-1. Their ECSA values were estimated by employing the reduc-
tion charge of the surface Pd/Pt oxide and assuming a charge density of 430 mC 
cm-2 for the formation of a monolayer oxide. 
3.6.8. Apparatus and Measurements 
CO2 supercritical drying was conducted on Critical Point Dryer Mode 13200J0AB ob-
tained from SPISUPPLIES. TEM and HR-TEM were performed on FEI Tecnai G2 20 at 
an accelerating voltage of 200kV and FEI Tecnai G2 F30 at an accelerating voltage 
of 300 kV, respectively. HAADF-STEM imaging and element mapping based on 
EDXS were performed at 200 kV with a Talos F200X microscope equipped with a 
Super-X EDXS detector system (FEI). Prior to TEM analysis, the specimen mounted 
in a high-visibility low-background holder was placed for 5 s into a Model 1020 
Plasma Cleaner (Fischione) to remove organic contamination. SEM and SEM-EDS 
were performed on a Zeiss DSM 982 Gemini instrument. XRD was carried out in re-
flection mode on X’Pert Pro Multipurpose Powder Diffract meter operated at a volt-
age of 40 kV and a current of 30 mA with Cu Kα radiation (λ = 1.5406 Å). The data 
were collected in the 10–90° (2θ) range S3 with a step size of Q2θ = 0.026°. XPS 
measurements were performed by using a VG Thermo ESCALAB 250 spectrometer 
(VG Scientific) operated at 120W. The binding energy was calibrated against the 
carbon 1s line. ICP-OES was carried out on Perkin-Elmer Optima 7000 DV optical 
emission spectrometer. The samples for ICP-OES were prepared by mixing 0.1 mg 
of the aerogels with 0.3 mL aqua regia, incubating for 1 h, and diluting the solution 
with 10 mL water. Nitrogen physisorption isotherms were measured at 77 K on a 
Quantachrome Autosorb 1 instrument. About 40 mg of the aerogels was transferred 
into the measuring cell and degassed overnight at 50 0C under vacuum before 
measurement. All electrochemical measurements were performed at an Au-
tolab/PGSTAT 30 (Eco Chemie B. V. Utrecht, the Netherlands) in an earthed Fara-
day cage. 
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3.7. Additional data 
 
Figure 3.S1. N2 physisorption isotherms (a-e) and pore size distribution and cumu-
lative pore volumes (a’-e’) determined from the isotherms using the 
BJH method for the multimetallic hierarchical Ni-PdxPty aerogels with 
different compositions: a,a’) Ni-Pd, b,b’) Ni-Pd80Pt20, c,c’) Ni-Pd60Pt40, 
d,d’) Ni-Pd40Pt60, e,e’) Ni-Pd20Pt80, f,f’) Ni-Pt.  
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Figure 3.S2. High-angle annular dark field (HAADF) STEM imaging and elemental 
mapping analysis of the hierarchical aerogel at different compositions: 
a) Ni-Pd, b) Ni-Pd80Pt20, c) Ni-Pd40Pt60, d) Ni-Pd20Pt80, e) Ni-Pt. Scale 
bar is 10 nm. 
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Figure 3.S3. Noble metal mass normalized CVs of the Ni-PdxPty aerogels with dif-
ferent compositions, commercial Pd/C and Pt/C catalysts in N2-
saturated 1 M NaOH + 1 M ethanol solution. Loading of noble metal 
(Pd+Pt) is 20 μg cm-2. Scan rate: 50 mV s-1. 
 
 
 
  
Metallic hierarchical aerogels for electrocatalytic applications 
86 
 
 
3.8. References 
[1] M. V. Kovalenko, L. Manna, A. Cabot, Z. Hens, D. V. Talapin, C. R. Kagan, V. 
I. Klimov, A. L. Rogach, P. Reiss, D. J. Milliron, P. Guyot-Sionnnest, G. 
Konstantatos, W. J. Parak, T. Hyeon, B. A. Korgel, C. B. Murray, W. Heiss, 
Prospects of nanoscience with nanocrystals, ACS Nano 2015, 9, 1012. 
[2] S. S. Kistler, Coherent expanded aerogels and jellies, Nature 1931, 127, 741. 
[3] J. L. Mohanan, I. U. Arachchige, S. L. Brock, Porous semiconductor 
chalcogenide aerogels, Science 2005, 307, 397. 
[4] N. C. Bigall, A. K. Herrmann, M. Vogel, M. Rose, P. Simon, W. Carrillo-
Cabrera, D. Dorfs, S. Kaskel, N. Gaponik, A. Eychmüller, Hydrogels and 
aerogels from noble metal nanoparticles, Angew. Chem. Int. Ed. 2009, 48, 
9731. 
[5] I. U. Arachchige, S. L. Brock, Sol-gel methods for the assembly of metal 
chalcogenide quantum dots, Acc Chem Res 2007, 40, 801. 
[6] V. Sayevich, B. Cai, A. Benad, D. Haubold, L. Sonntag, N. Gaponik, V. 
Lesnyak, A. Eychmüller, 3D Assembly of All-Inorganic Colloidal Nanocrystals 
into Gels and Aerogels, Angew. Chem. Int. Ed. 2016, 55, 6334. 
[7] F. J. Heiligtag, W. Cheng, V. R. de Mendonca, M. J. Suess, K. Hametner, D. 
Gunther, C. Ribeiro, M. Niederberger, Self-Assembly of Metal and Metal Oxide 
Nanoparticles and Nanowires into a Macroscopic Ternary Aerogel Monolith 
with Tailored Photocatalytic Properties, Chem. Mater. 2014, 26, 5576. 
[8] H. Sun, Z. Xu, C. Gao, Multifunctional, ultra-flyweight, synergistically 
assembled carbon aerogels, Adv. Mater. 2013, 25, 2554. 
[9] H. Yu, S. L. Brock, Effects of nanoparticle shape on the morphology and 
properties of porous CdSe assemblies (aerogels), ACS Nano 2008, 2, 1563. 
[10] W. Liu, A. K. Herrmann, N. C. Bigall, P. Rodriguez, D. Wen, M. Oezaslan, T. J. 
Schmidt, N. Gaponik, A. Eychmüller, Noble metal aerogels-synthesis, 
characterization, and application as electrocatalysts, Acc. Chem. Res. 2015, 
48, 154. 
[11] W. Liu, A. K. Herrmann, D. Geiger, L. Borchardt, F. Simon, S. Kaskel, N. 
Gaponik, A. Eychmüller, High-performance electrocatalysis on palladium 
aerogels, Angew. Chem. Int. Ed. 2012, 51, 5743. 
[12] W. Liu, P. Rodriguez, L. Borchardt, A. Foelske, J. Yuan, A. K. Herrmann, D. 
Geiger, Z. Zheng, S. Kaskel, N. Gaponik, R. Kotz, T. J. Schmidt, A. 
Multimetallic Hierarchical Aerogels: Shape-engineering of the Building Blocks for  
efficient electrocatalysis 
87 
 
Eychmüller, Bimetallic aerogels: high-performance electrocatalysts for the 
oxygen reduction reaction, Angew. Chem. Int. Ed. 2013, 52, 9849. 
[13] D. Wen, W. Liu, D. Haubold, C. Zhu, M. Oschatz, M. Holzschuh, A. Wolf, F. 
Simon, S. Kaskel, A. Eychmüller, Gold Aerogels: Three-Dimensional 
Assembly of Nanoparticles and Their Use as Electrocatalytic Interfaces, ACS 
Nano 2016, 10, 2559. 
[14] S. Henning, L. Kuhn, J. Herranz, J. Durst, T. Binninger, M. Nachtegaal, M. 
Werheid, W. Liu, M. Adam, S. Kaskel, A. Eychmüller, T. J. Schmidt, Pt-Ni 
Aerogels as Unsupported Electrocatalysts for the Oxygen Reduction 
Reaction, ‎J. Electrochem. Soc. 2016, 163, F998. 
[15] B. Cai, D. Wen, W. Liu, A. K. Herrmann, A. Benad, A. Eychmüller, Function-
Led Design of Aerogels: Self-Assembly of Alloyed PdNi Hollow Nanospheres 
for Efficient Electrocatalysis, Angew. Chem. Int. Ed. 2015, 54, 13101. 
[16] K. D. Gilroy, A. Ruditskiy, H. C. Peng, D. Qin, Y. Xia, Bimetallic Nanocrystals: 
Syntheses, Properties, and Applications, Chem. Rev. 2016, 116, 10414. 
[17] X. Xia, Y. Wang, A. Ruditskiy, Y. Xia, Galvanic replacement: a simple and 
versatile route to hollow nanostructures with tunable and well-controlled 
properties, Adv. Mater. 2013, 25, 6313. 
[18] N. Gaponik, A. K. Herrmann, A. Eychmüller, Colloidal Nanocrystal-Based Gels 
and Aerogels: Material Aspects and Application Perspectives, J. Phys. Chem. 
Lett. 2012, 3, 8. 
[19] C. Zhu, D. Du, A. Eychmüller, Y. Lin, Engineering Ordered and Nonordered 
Porous Noble Metal Nanostructures: Synthesis, Assembly, and Their 
Applications in Electrochemistry, Chem. Rev. 2015, 115, 8896. 
[20] Y. Wang, S. Zou, W.-B. Cai, Recent Advances on Electro-Oxidation of Ethanol 
on Pt- and Pd-Based Catalysts: From Reaction Mechanisms to Catalytic 
Materials, Catalysts 2015, 5, 1507. 
[21] D. C. Harris, L. J. Cabri, Nomenclature of platinum-group-element alloys: 
review and revision, Can. Mineral. 1991, 29, 231. 
[22] Y. G. Sun, Y. N. Xia, Mechanistic study on the replacement reaction between 
silver nanostructures and chloroauric acid in aqueous medium, J. Am. Chem. 
Soc. 2004, 126, 3892. 
[23] M. Grouchko, P. Roitman, X. Zhu, I. Popov, A. Kamyshny, H. Su, S. Magdassi, 
Merging of metal nanoparticles driven by selective wettability of silver 
nanostructures, Nat. Comm. 2014, 5, 2994. 
[24] D. V. Wagle, G. A. Baker, Cold welding: a phenomenon for spontaneous self-
healing and shape genesis at the nanoscale, Mater. Horiz. 2015, 2, 157. 
Metallic hierarchical aerogels for electrocatalytic applications 
88 
 
[25] A. Kowal, M. Li, M. Shao, K. Sasaki, M. B. Vukmirovic, J. Zhang, N. S. 
Marinkovic, P. Liu, A. I. Frenkel, R. R. Adzic, Ternary Pt/Rh/SnO2 
electrocatalysts for oxidizing ethanol to CO2, Nat. Mater. 2009, 8, 325. 
[26] M. Li, D. A. Cullen, K. Sasaki, N. S. Marinkovic, K. More, R. R. Adzic, Ternary 
electrocatalysts for oxidizing ethanol to carbon dioxide: making ir capable of 
splitting C-C bond, J. Am. Chem. Soc. 2013, 135, 132. 
[27] Y. Zhang, Y.-C. Hsieh, V. Volkov, D. Su, W. An, R. Si, Y. Zhu, P. Liu, J. X. 
Wang, R. R. Adzic, High Performance Pt Monolayer Catalysts Produced via 
Core-Catalyzed Coating in Ethanol, ACS Catal. 2014, 4, 738. 
[28] M. Li, P. Liu, R. R. Adzic, Platinum Monolayer Electrocatalysts for Anodic 
Oxidation of Alcohols, J Phys Chem Lett 2012, 3, 3480. 
[29] Y. Z. Lu, Y. Y. Jiang, H. B. Wu, W. Chen, Nano-PtPd Cubes on Graphene 
Exhibit Enhanced Activity and Durability in Methanol Electrooxidation after 
CO Stripping-Cleaning, J. Phys. Chem. C 2013, 117, 2926. 
[30] J. Hutter, M. Iannuzzi, F. Schiffmann, J. VandeVondele, cp2k: atomistic 
simulations of condensed matter systems, Wiley Interdisciplinary Reviews: 
Computational Molecular Science 2014, 4, 15. 
[31] J. VandeVondele, J. Hutter, Gaussian basis sets for accurate calculations on 
molecular systems in gas and condensed phases, Journal of Chemical Physics 
2007, 127, 114105. 
[32] J. VandeVondele, J. Hutter, An efficient orbital transformation method for 
electronic structure calculations, Journal of Chemical Physics 2003, 118, 
4365. 
[33] G. Lippert, J. Hutter, M. Parrinello, The Gaussian and augmented-plane-wave 
density functional method for ab initio molecular dynamics simulations, 
Theoretical Chemistry Accounts 1999, 103, 124. 
[34] M. Krack, M. Parrinello, All-electron ab-initio molecular dynamics, Phys. 
Chem. Chem. Phys. 2000, 2, 2105. 
[35] S. Grimme, Semiempirical GGA-type density functional constructed with a 
long-range dispersion correction, Journal of Computational Chemistry 2006, 
27, 1787. 
  
 89 
 
 
 
 
Chapter 4 
Core-shell structuring of pure metallic aerogels 
towards efficient Pt utilization for the oxygen 
reduction reaction* 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
------- 
*B. Cai, R. Hübner, K. Sasaki, D. Su, C. Ziegler, M. B. Vukmirovic, R. R. Adzic and 
A. Eychmüller,  
Submitted. 
Metallic hierarchical aerogels for electrocatalytic applications 
90 
 
  
Core-shell structuring of pure metallic aerogels towards efficient Pt utilization for 
the oxygen reduction reaction 
91 
 
 
Abstract 
The development of core-shell structures remains a fundamental challenge for pure 
metallic aerogels. This chapter demonstrates the synthesis of PdxAu-Pt core-shell 
aerogels comprised of an ultrathin Pt shell and a composition-tunable PdxAu alloyed 
core. The universality of this strategy ensures the extension of core compositions to 
Pd-transition metal alloys. Their activities for oxygen reduction exhibit a volcano-
type relationship as a function of the lattice parameter of the core substrate. The 
maximum mass and specific activities are 5.25 A mg-1Pt and 2.53 mA cm
-2, which 
are 18.7 and 4.1 times higher than those of Pt/C, respectively, demonstrating the 
superiority of the core-shell metallic aerogels. The proposed core-based activity de-
scriptor provides a new possible strategy for the design of future core-shell electro-
catalysts. 
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4.1. Background and motivation 
Proton exchange membrane fuel cells (PEMFCs) are widely believed to be among 
the next generation of energy conversion technologies owing to their high efficiency 
and low emission.[1-3] Their broad commercialization is, however, severely ham-
pered by the scarcity of Pt which represents the most active catalyst governing the 
cathodic ORR.[4] To date, fine-tuning of the Pt-based NCs in terms of alloys, hollow 
structures, and core-shell motifs has been extensively investigated in effort to im-
prove the Pt utilization efficiency for catalyzing the ORR.[5-7]  In most cases, the 
conventional Pt-based electrocatalysts are supported on carbon black, which is, 
however, partially responsible for the insufficient durability of these nanoparticulate 
electrocatalysts.[8, 9] To address this shortcoming, unsupported electrocatalysts 
have attracted tremendous interest because of the elimination of carbon support 
and the extended active surfaces.[10, 11] 
Assembled from colloidal metal NCs, emerging pure metallic aerogels have been 
proven to be among the promising unsupported electrocatalysts, as they bridge the 
gap between nanoscale studies with those of macroscale dimensions.[12] The metal 
NC-derived aerogels can inherit the properties and functions from the parent NCs 
while maintaining the aerogel properties, including nano-sized metallic backbone 
(enables rapid electron transfer), large active surface area (provides more reactive 
sites), high porosity (accelerates mass transfer), and self-supportability (eliminates 
support corrosion).[13, 14] Over the past few years, previous works have demonstrat-
ed the design and synthesis of pure metallic aerogels that are composed of noble 
metals and their alloys and developed a series of efficient aerogel electrocatalysts 
towards different reactions.[13-16]  
Among the design methodologies of electrocatalysts, the core-shell structure with a 
thin Pt shell serves as an ideal catalyst model for maximizing the Pt utilization and 
tuning the electronic structures.[17, 18] Therefore, designing unsupported aerogel 
electrocatalysts with core-shell structures is of great interest for improving their 
catalytic performance. However, the demand of strong stabilizers during the syn-
thesis of core-shell NCs obstructs the following destabilization/gelation step, ren-
dering them hardly being implemented as the building blocks for the construction of 
aerogels. On the other hand, weak stabilizers can hardly control the gelation pro-
cess, thus leading to an aggregation-like structure with low surface area and high 
density.[19] Consequently, the synthesis of core-shell structured metallic aerogels 
has barely been reported to date. 
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In this Chapter, a two-step method is proposed to synthesize core-shell structured 
pure metallic aerogels with an ultrathin layer of Pt as the shell and a composition-
tunable PdxAu alloy as the core. The gelation difficulty as discussed above is by-
passed by the construction of 3D aerogel structures before the coating of Pt shells. 
The PdxAu aerogels which were synthesized via a spontaneous gelation method 
were conformally covered with a Cu monolayer underpotentially, followed by gal-
vanic replacement of Pt. This core-shell synthesis was further extended to PdxM-Pt 
(M = Ni, Co and Cu) core-shell aerogels. The metal-metal bond at the core/shell in-
terface yields facile manipulation of the electronic properties of the Pt shell by tun-
ing the core substrates, and leads to a variation of the ORR activity with different 
core substrates. A novel indirect activity descriptor was proposed based on the core 
substrates to elucidate the activity variation of the core-shell aerogels. This study 
showed that both the mass and specific activities of the core-shell aerogels exhibit 
a volcano-type relationship as a function of the lattice parameter (a) of the core 
substrates. Their mass and specific activities reach 5.25 A mg-1Pt and 2.53 mA cm
-2 
at 0.9 V at the a of ~3.86 Å, implying a Pt utilization efficiency 18.7-fold higher 
than that of state-of-the-art Pt/C. These findings hold the potential for inspiring fur-
ther development of aerogel electrocatalysts. 
 
4.2. Synthesis and Characterizations 
4.2.1. Synthesis and characterization of PdxAu core aerogels 
As discussed in Chapter 1, the first step of Strategy II (Figure 1.4) for the synthesis 
of hierarchical aerogels is the preparation of pristine gel structure. Herein, PdxAu 
alloyed aerogels, serving as core substrates, were first synthesized via a spontane-
ous gelation method by co-reduction of mixed Pd/Au precursors with NaBH4 in a 
single step, i.e. without the preformation of adequately stabilized NPs (Scheme 4.1). 
To date, metallic aerogels with different compositions, e.g. PdxPty, PtxNi, PtxCu, 
PdCu, and AuCu, have been obtained by this approach.[15, 20-22] The composition 
could be controlled by varying the molar ratio of precursors. No stabilizer is in-
volved in the synthesis, thus resulting in a relatively “clean” surface of the core 
aerogel which could facilitate the followed shell coating process.  
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Scheme 4.1. Schematic illustration of the synthesis of PdxAu-Pt core-shell struc-
tured aerogels.  
 
Figure 4.1. Representative TEM images of the PdxAu core aerogels with different 
compositions: a) Pd20Au, b) Pd10Au, c) Pd5Au, and d) Pd3Au. Insets 
are the corresponding low-resolution TEM images with scale bars of 
100 nm. 
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After supercritical drying, the resulting aerogels were characterized by SEM and 
TEM. As shown in Figure 4.1, all the resulting PdxAu aerogels exhibit an extensive 
3D porous network structure composed of nanowires with an average diameter of 
about 4.5 nm. These nanowires fuse and interconnect randomly, growing into 3D 
branched backbones of the aerogels, thus resulting in a broad pore size distribution 
with open pores. The high porosity of the PdxAu aerogels was further revealed by 
the SEM images (Figure 4.2), which also indicates the large amount of open pores. 
 
Figure 4.2. Typical SEM images of PdxAu aerogels with different compositions: a) 
Pd20Au, b) Pd10Au, c) Pd5Au, and d) Pd3Au. 
Lattice fringes observed in HR-TEM images throughout the branched backbones 
(Figure S3) reveal that the PdxAu aerogels are polycrystalline, which is favorable for 
the subsequent coating with the Pt shell.[10] Lattice spacing of ~2.3 Å, which can be 
indexed with the (111) planes of the fcc structure, is coherently extended across all 
locations. 
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Figure 4.3. HR-TEM image of the nanowire-like backbones of the Pd10Au alloyed 
aerogels with fused interconnection areas. 
 
Figure 4.4. a) XRD patterns of the PdxAu aerogels with different compositions. A 
standard Pt (JCPDS file: 01-070-2057) pattern is selected as a refer-
ence at the bottom to estimate the lattice strain effect (c.f. Section 
4.4.2). b) Magnified view of the shift of the (111) diffraction peaks. 
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The crystalline properties of the core aerogels were further examined by XRD (Fig-
ure 4.4), which shows a shift of the typical diffraction peaks for the fcc structures to 
smaller angles with the increase of the Au content, indicating a lattice expansion 
induced by Au alloying. The slight increase of the lattice parameters can be ex-
plained by the permeation of Au atoms into the Pd lattice, which results in larger 
crystallographic unit cells. The facile manipulation of the lattice parameter of the 
Pd-based cores facilitates the tuning of electrocatalytic performances which will be 
discussed in Section 4.4. 
 
Figure 4.5. HAADF-STEM micrographs with corresponding EDXS element maps 
for the a) Pd3Au and b) Pd5Au aerogels. 
To better investigate the elemental distribution in the PdxAu aerogel structures, the 
element mapping analysis was performed based on energy-dispersive X-ray spec-
troscopy in STEM mode (Figure 4.5). Pd3Au and Pd5Au were selected as examples 
because of the relatively higher Au content which guarantees better Au signals. It is 
clear that both the Au and Pd are well distributed throughout the nanowire-like 
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network backbones. This proves the formation of Pd-Au alloyed nanostructures in-
stead of mixed metallic Pd and Au NPs. 
4.2.2. Coating Pt shell on the PdxAu aerogels 
To obtain a Pt shell on the as-prepared PdxAu aerogel core, a Cu monolayer was 
first coated by means of underpotential deposition (UPD), followed by galvanic dis-
placement of Cu by Pt (Scheme 4.1). As shown in Figure 4.6, the core-shell aero-
gels inherits the winding topography of the nanowire-based core backbones with a 
slightly larger diameter of about 5 nm and remains the 3D porous network struc-
ture. Taking Pd10Au-Pt core-shell aerogel as an example, low-magnification TEM and 
HR-TEM are shown to demonstrate the 3D gel structure and high crystallinity of the 
as-obtained core-shell aerogels, respectively. Moreover, as circled in Figure 4.6f, 
twined crystal structures were observed at the corners of the winding backbones, 
which usually impose lateral confinement on the Pt shell and could be beneficial for 
the ORR.[23]  
 
Figure 4.6. Representative bright-field TEM images of the PdxAu-Pt core-shell 
aerogels with different compositions: a) Pd20Au, b) Pd10Au, c) Pd5Au, 
and d) Pd3Au. e) Low magnification TEM and f) HR-TEM images of the 
Pd10Au aerogels. 
To better investigate the elemental distribution in the core-shell structures, the el-
ement mapping analysis was performed based on energy-dispersive X-ray spectros-
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copy in STEM mode (Figure 4.7a). Pd10Au-Pt aerogel was selected as an example as 
the appropriate composition will provide balanced signal for different elements. The 
main distribution of Au and Pd in the interior supports a Pd-Au alloy for the core, 
and the full coverage of Pt with distinct rims reveals Pt of the shell. Additional 
STEM-EDXS line-scan analysis taken along the cross-section of the backbone (Fig-
ure 4.7b) shows a stronger Pt signal at the edges and Pd and Au centering in the 
core, indicating a Pd-Au alloy core and a Pt shell as well.  
 
Figure 4.7. a) HAADF-STEM image with corresponding EDXS element maps and b) 
HAADF-STEM image with corresponding EDXS line-scan taken along 
the indicated cross-section of the backbone for the Pd10Au-Pt core-
shell aerogels. 
4.2.3. In situ X-ray absorption spectroscopy analysis 
The in situ X-ray absorption spectroscopy (XAS) analysis also demonstrated the 
formation of a homogeneous PdAu alloy structure. As shown in Figure 4.8, in situ 
XAS spectrum of the Pt and Au L3 edges from the Pd20Au-Pt core-shell aerogel was 
obtained in 1 M HClO at a potential of 0.41 V, together with that from the carbon-
supported Pd-PtML core-shell catalyst.
[24] By analyzing the extended X-ray absorp-
tion fine structure (EXAFS) data through fitting of Pt L3 and Pd K signals concur-
rently, we have verified the formation of Pt monolayers on Pd NP surfaces as well 
as a slight contraction of Pt-Pt interatomic distance for the carbon-supported Pd-
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PtML catalyst,
[24] in which the Pt monolayers were deposited on the Pd NPs by the 
same procedure employed in the present Chapter. 
 
Figure 4.8. a) In situ XAS spectra of the Pt and Au L3 edges of the Pd20Au-Pt 
core-shell aerogel together with Pt L3 edge of the carbon-supported 
Pd-PtML catalyst in 1 M HClO4 at a potential of 0.41 VRHE.
[24] b) in situ 
k-space spectra (k2-weighted) of the Pt L3 edges of the Pd20Au-Pt 
core-shell aerogel and the carbon-supported Pd-PtML catalyst in 1 M 
HClO4 at a potential of 0.41 VRHE,
[24] together with that of a Pt foil. 
As shown in Figure 4.8a, the L3 adsorption edges of Pt (11564 eV) and Au (11919 
eV) is close (only 355 eV apart). And it was impossible to fit Pt L3 and Pd K signals 
of the Pd20Au-Pt core-shell aerogel to allow the detailed atomic structures to be ex-
amined (the EXFAS analysis generally requires data over an energy region wider 
than 800 eV above the edge). However, the general appearance of the Pt L3 spec-
trum from the Pd20Au-Pt core-shell aerogel up to the Au L3 edge is very similar to 
that from the carbon-supported Pd-PtML catalyst.
[24] Such the similarity in both 
spectra is more clearly seen in k-space spectra in Figure 4.8b.  Moreover, the phase 
in oscillation of both the samples is markedly shifted from that of Pt foil in a k-
range between 6 and 9, indicating that the atomic structure of the Pt deposits is 
significantly different from 3D Pt bulk.  The observations suggested that the Pt shell 
deposited on the Pd20Au aerogels has a monolayer-like atomic structure. 
Moreover, the monolayer-like atomic structure of the Pt shell was also revealed by 
the observations from in situ XAS (Figure 4.9). There is a prominent difference be-
tween Au signals from the Pd20Au-Pt core-shell aerogel and the Au foil, both in the 
X-ray absorption near-edge structure (XANES) region and in the EXAFS region (k-
space), respectively, as shown in Figure 4.9a-b. One of the dissimilarities in the 
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XANES region is caused by the residual Pt signal superimposed on the Au XANES 
spectrum, although the magnitude of oscillation in the Pt signal above the Au edge 
is fairly small, approximately less than 3 % of that of oscillation in the Au spectrum 
(Figure 4.8a). 
 
Figure 4.9. In situ XANES, EXAFS k-space (k2-weighted), and Fourier transform 
(FT) EXFAS spectra of a,b,c) Au L3 edge and  e,f,g) Pd K edge from 
the Pd20Au-Pt core-shell aerogel and their reference foils in 1 M HClO4 
at a potential of 0.41 VRHE. 
These dissimilarities could also be attributed to a change of Au electronic states due 
to the interactions with Pd atoms. In the k-space (Figure 4.9b), the phase in oscilla-
tion of Au from the Pd20Au-Pt aerogel is shifted markedly from that apparent in the 
Au foil, indicating that the atomic structure significantly differs from that of an Au 
bulk.  The XANES of Pd from the Pd20Au-Pt aerogel (Figure 4.9e) is also distinguish-
able from that from a Pd foil, pointing to electronic interference from Au atoms. On 
the other hand, the phase in oscillation in the k-space (Figure 4.9b) is not particu-
larly unlike from those from a Pd foil, although the amplitude of the former is 
slightly smaller than that of the Pd foil (an effect due to particle size). 
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Table 4.1. Coordination numbers (N), bond lengths (R), and bond length disor-
der parameters (ơ2) determined by the EXAFS experiment. 
The results of concurrent fitting for the Au L3 edge and Pd K edge data from the 
Pd20Au-Pt aerogel at a potential of 0.41 V are shown in Figure 4.9c,g, respectively.  
There is good agreement between the fits and the original spectra; the results of 
coordination numbers (N), bond lengths (d), and bond length disorder parameters 
(ơ2) are summarized in Table 4.1. We should note that a peak at around 1.8 Å in 
Figure 4.9c is generated by the Pt EXAFS signal overlapped on the Au L3 edge 
data,[25] and was not involved in the present fitting. For an A–B binary solid–
solution (random) alloy, the ratio (relative to the A atom) of the coordination num-
ber NA-Ato NA-B is equal to the mole fraction ratio xA/xB of the elements in the bulk,
[26] 
that is, NA-A/ NA-B = xA/xB. The statistical distribution of the two elements is charac-
terized by equal sums of coordination numbers of one metal to that of the other, 
that is, NA-M = NB-M. We obtained the ratio of the coordination numbers, NPd-Pd/NPd-Au 
= 18.8, which is in good agreement with the mole fraction ratios, xPd/xAu = 20 with-
in the range of their experimental errors. Furthermore, the sum of coordination 
numbers for Pd (NPd-Pd + NPd-Au) is 9.9, which agrees well with that of Au (NAu-Au + 
NAu-Pd) at 10.1, indicating a homogeneous distribution of Pd and Au atoms in the 
particles without any preferential accumulation of one metal around the other. In a 
word, the EXAFS analysis demonstrated the formation of homogeneous PdAu alloy 
aerogel. 
4.2.4. Specific surface area and porosity 
Owing to the morphological similarities demonstrated by TEM analysis, the specific 
surface area and porosity of the core-shell aerogels were estimated based on the N2 
physisorption measurements on the core aerogels (Figure 4.10). The adsorption 
isotherms possess characteristics of both type II and type IV isotherms, indicating 
the wide spread of both meso- and macropores within the aerogel monoliths. As es-
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timated from Brunauer-Emmett-Teller plots, the specific surface area of the core 
aerogels ranges from 83 to 105 m2 g-1, which is in the range of that of noble-metal-
based aerogels (32-168 m2 g-1) and much higher than the values reported for other 
porous metals.[27] The density of the Pd10Au aerogel is estimated to be 0.045 g cm
-3, 
which further indicates a high porosity of the aerogels.[13] 
 
Figure 4.10. N2 physisorption isotherms of the PdxAu aerogels with different com-
positions: a) Pd20Au, b) Pd10Au, c) Pd5Au, and d) Pd3Au. 
 
4.3. Extending to PdxM-Pt core-shell aerogels 
4.3.1. Synthesis of PdxM (M = Ni, Co, Cu) core aerogels 
To demonstrate the universality of this core-shell synthesis approach, PdxM-Pt (M = 
Ni, Co, Cu) core-shell aerogels with alternative core compositions were further fab-
ricated. Specifically, Pd9Ni, Pd3Co and Pd3Cu alloyed aerogels were first fabricated 
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using the spontaneous gelation method (c.f. Section 4.2.1) and employed as core 
substrates for the followed coating process. As shown in Figure 4.11, the PdxM aer-
ogels exhibit a high porosity and a 3D nanowire-based network with a diameter of 
about 5-6 nm, similar to the PdxAu aerogels.  
 
Figure 4.11. Representative bright-field TEM images of the a,b) Pd9Ni, c,d)  Pd3Co, 
and e,f) Pd3Cu core aerogels at different magnifications. Scale bars 
are a,c,e) 100 nm and b,d,f) 10 nm, respectively. 
 
Figure 4.12. a) XRD patterns of the as-prepared Pd9Ni, Pd3Co, and Pd3Cu core 
aerogels. A standard Pt (JCPDS file: 01-070-2057) pattern is selected 
as a reference at the bottom to estimate the lattice strain effect for 
the final core-shell aerogels (c.f. Section 4.4.2). b) Magnified view of 
the shift of the (111) diffraction peaks. 
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Their crystalline structures were examined by XRD, which show shifts of the diffrac-
tion peaks to larger angles compared to Pd, suggesting a contraction of the fcc lat-
tice by alloying with transition metals (Figure 4.12).  
4.3.2. Coating of Pt shell 
Coating of Pt shell was performed following the similar procedure described in Sec-
tion 4.2.2. As demonstrated by the TEM images (Figure 4.13), the 3D porous net-
work structure of the starting aerogel remains robust after coating with a Pt shell. A 
slightly increased diameter of the backbones could be attributed to the addition of 
Pt shell. The well-defined crystallinity of the core-shell aerogels was proved by the 
HR-TEM image, taking the Pd9Ni-Pt aerogel as an example (Figure 4.13b). 
 
Figure 4.13. Representative bright-field a) TEM and b) HR-TEM images of the 
Pd9Ni-Pt core-shell aerogel as well as the bright-field TEM images of c) 
Pd3Co-Pt and d) Pd3Cu-Pt core-shell aerogels. 
Element mapping analysis was performed based on energy-dispersive X-ray spec-
troscopy in STEM mode to investigate the elemental distribution in the core-shell 
structures, taking the Pd9Ni-Pt aerogel as an example (Figure 4.14). The main dis-
Core-shell structuring of pure metallic aerogels towards efficient Pt utilization for 
the oxygen reduction reaction 
107 
 
tribution of Pd and Ni in the interior supports a Pd-Ni alloy for the core, and the full 
coverage of Pt with distinct rims reveals Pt of the shell, demonstrating the univer-
sality of this synthesis approach. 
 
Figure 4.14. HAADF-STEM micrograph with corresponding EDXS element maps for 
the Pd9Ni-Pt core-shell aerogel. 
 
4.4. Electrocatalytic performance 
4.4.1 Electrochemical surface properties 
Given the high specific surface area and porosity, it is reasonable to anticipate that 
the metallic aerogels are electrochemically well accessible. Furthermore, the core-
shell motif with a thin Pt shell offers great potential for boosting the Pt utilization 
efficiency for electrocatalysis.[28, 29] To this end, electrocatalytic ORR properties of 
the core-shell aerogels were measured and compared to the commercial Pt/C cata-
lyst. Figure 4.15 shows CVs of the PdxAu-Pt core-shell aerogels and the Pt/C in Ar-
saturated 0.1M HClO4 solution. The core-shell aerogels exhibit characteristic peaks 
in the H2 desorption region that resemble those of the Pt/C surface, indicating the 
full coverage with Pt shells.[30] The oxide reduction peaks of the core-shell aerogels 
shift to higher potentials compared to those of the Pt/C, revealing a decrease of the 
deposition free energy of Pt oxide species caused by the interface interactions with 
PdxAu substrates. 
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Figure 4.15. a) Comparison of the CVs of the PdxAu-Pt core-shell aerogels com-
pared with the Pt/C in Ar-saturated 0.1M HClO4 solution at a scan 
rate of 20 mV s-1. Loading of metal is 20-23 ug cm-2. b) Highlight of 
the differences between the core-shell aerogel and the Pt/C.  
As estimated based on integrated charge from H2 adsorption area (Figure 4.15a), 
the Pd20Au-Pt core-shell aerogel exhibits a considerably higher specific electrochem-
ical surface area of 207.5 m2 g-1Pt compared with the Pt/C (45.0 m
2 g-1Pt), implying 
a high utilization efficiency of Pt. Remarkably, the core-shell aerogels exhibit a 
much diminished capacitance current comparing with the Pt/C, which can be as-
cribed to the conductive aerogel frameworks and the elimination of the carbon sup-
port. 
4.4.2 Core-based volcano-type relationship of the ORR activities 
The polarization curves of the PdxAu-Pt core-shell aerogels and the Pt/C (Figure 
4.16) were recorded in O2-saturated 0.1M HClO4 solution at 1600 rpm. The diffusion 
current density of about 6.1 mA cm-2 indicates a complete reduction of O2 to H2O.
[31] 
The PdxAu-Pt core-shell aerogels show the positive-going polarization curves with 
decreasing Au content (half-wave potential shifts gradually to 922 mV). The Au 
content has a strong influence on the core lattice which determines the ORR activi-
ty.[32] The kinetic current at 0.9 VRHE was normalized to the loading of both Pt and 
noble metals in order to highlight the improvement of Pt utilization efficiency of the 
core-shell aerogels (inset of Figure 4.16b). The Pd20Au-Pt core-shell aerogel exhibits 
a remarkable mass activity of 5.25 A mg-1Pt, which is 18.7 times greater than that 
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of the Pt/C (0.28 A mg-1Pt). Taking the core materials into account, it still shows a 
2.7-fold higher mass activity (0.75 A mg-1noble metal) than the Pt/C.  
 
Figure 4.16. a) Polarization curves of the PdxAu-Pt core-shell aerogels compared 
with the Pt/C in O2-saturated 0.1M HClO4 solution at a scan rate of 10 
mV s-1 at 1600 rpm. Loading of metal: 20-23 ug cm-2. b) Highlight of 
the shift of the half-wave potentials. The inset shows the comparison 
of their mass activities normalized to either Pt or noble metals. 
The kinetic currents calculated from the polarization curves were normalized 
against the ECSA and Pt mass to obtain the specific and mass activities. As shown 
in Figure 4.17, the specific activities of the PdxAu-Pt core-shell aerogels were en-
hanced in the potential region between 0.85 and 0.98 VRHE compared with the Pt/C, 
demonstrating accelerated ORR kinetics on the core-shell aerogels. Figure 4.17b 
shows largely improved mass activities of the PdxAu-Pt core-shell aerogels in a wide 
potential region compared to the Pt/C, indicating a high efficiency of Pt utilization 
for catalyzing the ORR. 
Due to the core-shell motif and the aerogel properties, the as-prepared core-shell 
aerogels consistently yield superior mass and specific ORR activities than the Pt/C. 
To date, several descriptors have been exploited to elucidate the activity improve-
ments of Pt-based catalysts, including the binding energy (ΔEOH), the d-band center, 
etc.[33] In the case of core-shell structures, the strong interaction of the core/shell 
interface guarantees the electronic manipulation of the shell by tuning the core 
substrate. Therefore, the lattice parameter of the core substrate is proposed to be 
an indirect activity descriptor for the core-shell aerogels.  
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Figure 4.17.Tafel plots based on the kinetic current (calculated from Figure 4.16a) 
normalized to a) ECSA and b) Pt mass, respectively. 
 
Figure 4.18. The mass and specific activities of the core-shell aerogels as a func-
tion of the lattice parameter (a) and Pd-Pd interatomic distance (dPd-
Pd) of the PdxM core aerogels. For reference, the activity of a Pt aero-
gel was obtained from ref.[15] 
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As shown in Figure 4.17, the mass and specific activities of the core-shell aerogels 
exhibit a volcano-type relationship as a function of the lattice parameter (a) and the 
Pd-Pd interatomic distance (dPd-Pd) of the core substrate, where the mass and spe-
cific activities reach maximum at an a of ~3.86 Å or a dPd-Pd of ~2.23 Å. The in situ 
XAS analysis determined a dPd-Pd of 2.232 Å for the Pd20Au-Pt core-shell aerogel 
(Table 4.1), which is in good agreement with the result in Figure 4.17.  With minor 
Au content alloyed in the core, the core-shell aerogel exhibits 18.7-fold and 4.1-fold 
higher mass and specific activities than the Pt/C, respectively. Moreover, the mass 
activity is far above the nanoparticulate PdxAu-Pt core-shell catalysts.
[32] The core-
dependent activities originate from the mismatch of the lattice parameter which im-
poses a compressive or tensile strain of the Pt shell.  
The strains on the Pt shell have been confirmed by employing density functional 
theory to control the ORR activities by influencing the ΔEOH of intermediate adsorb-
ates as well as the position of d-band centers.[18, 34] Taken together, the significant 
enhancement in both specific and mass activities could be mainly attributed to i) 
the appropriate lattice strain of the Pt shell derived from the interaction with the 
Pd-based cores; ii) the high dispersion of Pt due to the core-shell structure with an 
ultrathin Pt shell of only one atomic layer; and iii) the 3D aerogel structure which 
facilitates the mass transfer for ORR. 
4.4.3 Electrochemical durability  
 
Figure 4.19. Electrochemical durability test of the Pd20Au-Pt core-shell aerogel 
compared with the Pt/C. a) CVs of the aerogel before and after ADT 
in N2-saturated 0.1M HClO4 solution at a scan rate of 20 mV s
-1, b) 
polarization curves of the aerogel and the Pt/C in O2-saturated 0.1M 
HClO4 solution at a scan rate of 10 mV s
-1. 
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The stability of the core-shell aerogels for ORR was investigated using an accelerat-
ed degradation test (ADT) by cyclic potential sweeps between 0.6 and 1.0 VRHE in 
air-saturated 0.1M HClO4 solution (Figure 4.19). Taking the optimal composition as 
an example, the Pd20Au-Pt core-shell aerogel exhibits a slight loss of 8.2% in mass 
activity after 10000 cycles of CV scans, while the Pt/C shows a significant loss of 
27.6% in mass activity. Moreover, the negative shift of the half-wave potential of 
the Pd20Au-Pt core-shell aerogel is negligible compared with the Pt/C. 
 
Figure 4.20. TEM images of the Pd20Au-Pt core-shell aerogel after durability test. 
In addition, TEM images (Figure 4.20) show that the aerogel maintained the 3D po-
rous network structure after the ADT, rather than particle aggregation which is fre-
quently observed in the Pt/C. 
 
4.5. Conclusion 
In summary, in this chapter, it has been demonstrated the synthesis of a new class 
of PdxM-Pt core-shell structured pure metallic aerogels with an ultrathin Pt shell and 
a composition-tunable PdxM (M = Au, Ni, Co and Cu) alloyed core. The as-prepared 
core-shell aerogels combine the advantages of the aerogel nature and core-shell 
properties, which integrates several catalysis enhancement factors such as high po-
rosity, large surface area, self-supportability, efficient Pt utilization, and core-shell 
interface coupling. These core-shell aerogels achieve superior mass and specific ac-
tivities and improved stability for the ORR, as compared to the Pt/C. Our studies 
elucidate that the ORR activities of the core-shell aerogels exhibit a volcano-type 
relationship as a function of the lattice parameter of core substrate. The mass and 
specific activities reach 5.25 A mg-1Pt and 2.53 mA cm
-2 at the a of ~3.86 Å, imply-
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ing a Pt utilization efficiency 18.7-fold higher than that of Pt/C. This work highlights 
the great potential of pure metallic core-shell aerogels as highly efficient electrocat-
alysts through structural engineering. Furthermore, the proposed core-based indi-
rect activity descriptor provides new possible strategies for the design of next-
generation core-shell electrocatalysts. 
 
4.6. Experimental details 
4.6.1. Reagents 
Potassium tetrachloropalladate (II) (K2PdCl4, 98%), gold(III) chloride trihydrate 
(HAuCl4·2H2O, 99.9%), nickel(II) chloride hexahydrate (NiCl2·6H2O, 98%), cobalt(II) 
chloride·6H2O, copper chloride (CuCl2), sodium citrate (99%), sodium borohydride 
(NaBH4, 98%), Potassium tetrachloroplatinate(II) (K2PtCl4, 99.9%), copper sulfate 
(CuSO4·5H2O, 98%) and 5 wt % Nafion were purchased from Sigma Aldrich and 
used as received without further purification. Perchloric acid (HClO4, 70%) and sul-
furic acide (H2SO4, 93-98%) were purchased from Fisher Scientific. Acetone (Analy-
sis grade) was received from Merck. Milli-Q water was used throughout for prepar-
ing aqueous solution. All the glasses were washed by aqua regia followed by water 
before use. 
4.6.2. Preparation of core aerogels 
The PdxAu hydrogels were synthesized by a facile co-reduction route in aqueous so-
lution under ambient conditions. Briefly, appropriate Pd and Au precursors (with a 
desired Pd:Au molar ratio) were dissolved in 400 mL water under stirring to reach a 
total concentration of 0.2 mM (c(Pd2+) + c(Au3+)). Freshly prepared NaBH4 solution 
(5 mL, Me+:H- = 1:3) was quickly injected into the Pd/Au precursor solution under 
stirring (350 rpm). The color of the solution turned from light yellow to dark gray 
immediately. The resulting solution was kept stirring for another 30 min and was 
then allowed to settle still at room temperature. Fluffy black hydrogel was formed 
at the bottom of the containers after one to five days (the more Au content, the 
longer gelation time). The ratio of Pd:Au in the PdxAu hydrogels can be well con-
trolled by tuning the ratio of precursors. 
The Pd9Ni hydrogels were synthesized by co-reduction of mixed Pd and Ni precur-
sors in aqueous solution. 400 mL solution containing 0.15 mM Pd2+, 0.06 mM Ni2+ 
and 0.025 mM sodium citrate was firstly prepared. Then freshly prepared NaBH4 so-
lution (5 mL, Me+:H- = 1:5) was quickly injected into the as-prepared precursor so-
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lution under stirring (350 rpm). The resulting dark gray solution was kept stirring 
for another 30 min and was then allowed to settle still at room temperature. Fluffy 
black hydrogel was formed at the bottom of the containers after two days. For the 
Pd3Co hydrogels, freshly prepared NaBH4 solution (5 mL, Me
+:H- = 1:7) was quickly 
injected into a N2-saturated solution (0.15 mM Pd
2+ + 0.06 mM Co2+). The resulting 
dark gray solution was kept stirring for another 30 min and was then allowed to 
settle still at room temperature. For the Pd3Cu hydrogels, freshly prepared NaBH4 
solution (5 mL, Me+:H- = 1:7) was quickly injected into a N2-saturated solution 
(0.15 mM Pd2+ + 0.06 mM Cu2+). The resulting dark gray solution was kept stirring 
for another 2 min and was then allowed to settle still at room temperature. 
The resulted hydrogels were washed carefully with water for 10 times to further 
remove the residual impurities. Prior to the drying procedure, the supernatant of 
the hydrogel was carefully exchanged against pure acetone for several times (dur-
ing 3-4 days). The resulted anhydrous, acetone-containing gels were transferred 
into a critical point dryer for supercritical CO2 drying (13200J0AB from Spi Supplies). 
The chamber was flushed with liquid CO2 to exchange the acetone (~ 50 bars). Af-
ter overnight storage of the gels in the autoclave at 15-18 0C the chamber was 
flushed again. In order to convert the liquid CO2 to the supercritical state the 
chamber was heated to 36 0C causing an increase of the pressure (~75 bar). Finally, 
the supercritical CO2 was slowly discharged by reducing the pressure whilst keeping 
the temperature constant. 
The chemical compositions of the as-obtained aerogels were confirmed by ICP-OES. 
The samples for ICP are prepared by dissolving a certain amount of aerogels by aq-
ua regia, followed by dilution. 
4.6.3. Coating of Pt shell 
The deposition of the Pt shell was accomplished utilizing a method pioneered by one 
of our groups.[35, 36] For all electrochemical experiments, a platinum foil was used as 
the counter electrode. An Ag/AgCl electrode with a double-junction chamber was 
used as a reference electrode unless specified. 1.6 mg of the core aerogels was dis-
persed in 2 mL solution containing water, isopropanol and Nafion (5%) (v/v/v 
2mL/2mL/1μL) to form a 0.8 mg/mL aerogel ink under sonication at 0 oC. Then, 5 
μL of the as-prepared ink was placed onto a newly polished glassy carbon electrode 
(RDE, 0.196 cm2) and dried under ambient condition, thus forming a thin layer of 
core aerogels (20 ugmetal cm
-2).  
The core aerogels was subjected to CVs between 0.17 and 1.01 VRHE at a scan rate 
of 100 mV s-1 until stable curves were obtained. Afterwards, a Cu monolayer was 
then deposited on the core aerogels by Cu underpotential deposition (UPD) from a 
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deoxygenated solution of 50 mM CuSO4 + 50 mM H2SO4. The electrode was trans-
ferred to a solution of 1.0 mM K2PtCl4 + 50 mM H2SO4 to galvanically replace Cu by 
Pt. After 3 min, the core-shell aerogel modified electrode was obtained and then 
rinsed with water and 0.1 M HClO4 solution, respectively.  
All of those steps were performed in a custom-made two-chamber cell, which allows 
the transfer of Cu-modified electrode under an inert Ar atmosphere, so as to pro-
tect the Cu from oxidation.[37] The loading of Pt was estimated based on the charge 
integrated from the Cu stripping peak. To further confirm the Pt content, the core-
shell aerogels were swept off from the electrode after electrochemical experiments 
and submitted to ICP-OES measurement. Further characterizations were conducted 
on the core-shell aerogels that were scratched off from the electrode. 
4.6.4. Electrocatalytic measurements  
The rotating disk electrode (RDE) with catalyst layer was mounted onto a rotator 
(Pine Instrument Inc.) as the working electrode. A Pt foil and Ag/AgCl electrode 
with a double-junction chamber were served as the counter and reference electrode. 
The potentials were calibrated to the RHE scale by measuring the difference be-
tween Ag/AgCl and RHE in H2 saturated 0.1M HClO4 solution. The catalysts were 
first subject to CV scans between 0.07 and 1.14 VRHE at 100 mV s
-1 in Ar-saturated 
0.1 M HClO4 solution until a stable CV was obtained, followed by recording CV scans 
at 20 mV s-1 for the estimation of ECSA. The ECSA was calculated by measuring the 
charge collected in the hydrogen adsorption/desorption regions after double-layer 
correction, assuming a value of 210 μC cm-2 for the adsorption of a hydrogen 
monolayer. ORR polarization curves were recorded by linear sweep voltammetry 
(LSV) at a scan rate of 10 mV s-1 in O2 saturated 0.1 M HClO4 with the rotating rate 
of 1600 rpm. A background current was measured in the same condition except the 
electrolyte was saturated by N2. A system resistance of about 25 Ω was measured 
by electrochemical impedance spectroscopy and then employed to IR-drop correc-
tion for the ORR polarization curves. The kinetic current was calculated from the 
ORR polarization curves according to the Koutecky–Levich equation. Accelerated 
durability tests of the catalysts for ORR were conducted by cycling the potential be-
tween 0.6 and 1.0 VRHE at a scan rate of 100 mV s
-1 in air-saturated 0.1M HClO4 so-
lution. To imitate the actual catalyst layer for fuel cells, the core-shell aerogels were 
mixed with carbon black to increase the thickness of the thin film on the electrode. 
For comparison, state-of-the-art Pt/C (Tanaka Kikinzoku International Inc., 46.6 
wt %, Pt particle size 2.6 nm) was used as baseline catalyst under the same meas-
uring conditions with a Pt loading of 20 ug cm-2. 
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4.6.5. In situ X-ray absorption spectroscopy 
XAS measurements using an electrochemical cell were undertaken at the BL2-2 
beamline at the Stanford Synchrotron Radiation Lightsource (SSRL). The Pd20Au-Pt 
core-shell aerogel sample (working electrode), a proton exchange membrane (Nafi-
on 117, DuPont Chemical Co., DE) and a Pt thin foil (counter electrode) were sand-
wiched and clamped tightly by the two acrylic plastic bodies. Each plastic body has 
an X-ray window. The electrolyte was 1M HClO4 and an Ag/AgCl leak-free electrode 
was used as a reference electrode. Details of the electrochemical cell are given 
elsewhere.[38] The data acquired by both the electrochemical and thermal cells were 
processed and analyzed by Athena and Artemis software.[39] 
4.6.6. Apparatus and Measurements 
CO2 supercritical drying was conducted on Critical Point Dryer Mode 13200J0AB ob-
tained from SPISUPPLIES. TEM analysis was performed on a Tecnai G2 20 (FEI) at 
an accelerating voltage of 200 kV. High-resolution TEM was performed on a Titan 
80-300 (FEI) microscope operated at an accelerating voltage of 300 kV. HAADF-
STEM imaging and element mapping based on EDXS were performed at 200 kV with 
a Talos F200X microscope equipped with a Super-X EDXS detector system (FEI). 
Prior to TEM analysis, the specimen mounted in a high-visibility low-background 
holder was placed for 5 s into a Model 1020 Plasma Cleaner (Fischione) to remove 
organic contamination. SEM was performed on a Zeiss DSM 982 Gemini instrument. 
XRD was carried out in reflection mode on a X’Pert Pro Multipurpose Powder Diffrac-
tometer operated at a voltage of 40 kV and a current of 30 mA with Cu Kα radiation 
(λ = 1.5406 Å). The data were collected for diffraction angles 10° < 2θ < 90° with 
a step size of 2θ = 0.026°. The lattice parameter and Pd-Pd interatomic distances 
were calculated based on the (111) diffraction maximum using the Bragg’s 111 dif-
fraction maximum. ICP-OES was carried out on a Perkin-Elmer Optima 7000 DV op-
tical emission spectrometer. Nitrogen physisorption isotherms were measured at 77 
K on a Quantachrome Autosorb 1 instrument. About 40 mg of the aerogels was 
transferred into the measuring cell and degassed overnight at 50 oC under vacuum 
before measurement. 
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Progress in nanotechnology has promoted an increasing interest in the rational de-
sign of the emerging hierarchical aerogels, which represents a second stage of the 
NC-based aerogel research. By fine-tuning the surface properties of the backbones, 
metallic hierarchical aerogels are able to address the growing demands of advanced 
electrocatalysts. In this dissertation, three types of metallic hierarchical aerogels 
were designed by introducing different nanostructures (i.e. hollow, porous/dendritic 
and core-shell) and alloy effects (with noble or transition metals) into the aerogels. 
Thus, as a proof-of-concept for fuel cells, advanced electrocatalytic performances 
have been achieved on the resulting metallic hierarchical aerogels towards both an-
ode (oxidation of ethanol) and cathode (reduction of oxygen) reactions. 
First, alloyed PdxNi hollow nanospheres with controlled composition and shell thick-
ness were utilized as building blocks for the design of hierarchical aerogels. The 
combination of transition-metal doping, hollow interior, as well as the 3D aerogel 
structure make the resulting aerogels promising electrocatalysts for ethanol oxida-
tion with a mass activity up to 5.6-fold higher than that of the Pd/C. Second, con-
tinuously shape-engineering of the building blocks (ranging from hollow shells to 
dendritic shapes) was achieved by the synthesis of a series of multimetallic Ni-
PdxPty hierarchical aerogels. By optimization of the nanoscale morphology and the 
chemical composition, the Ni-Pd60Pt40 aerogel exhibits remarkable electrocatalytic 
activity for oxidation of ethanol. Moreover, the particle growth mechanism underly-
ing the galvanic replacement was revealed in terms of nanowelding of the nanopar-
ticulate reaction intermediates based on experimental and theoretical results. Third, 
a universal approach was demonstrated for core-shell structuring of metallic aero-
gels by coating of an ultrathin Pt shell on a composition-tunable Pd-based alloyed 
core. Their activities for oxygen reduction exhibit a volcano-type relationship as a 
function of the lattice parameter of the core substrate. Largely improved Pt utiliza-
tion efficiency was accomplished based on the core-shell motifs, as the mass activi-
ty reaches 5.25 A mg-1Pt which are 18.7 times higher than those of Pt/C. 
Metal nanocrystals, as the potential building blocks of metallic aerogels, have been 
extensively investigated based on the surfactant-assisted precision synthesis that 
provides monodispersity, favourable morphologies, and controlled surface proper-
ties. Effects from transition metal alloys and engineered shape/structure (including 
core-shell structure, polyhedrons with controlled exposed facets, near-surface com-
position, etc.) often play an important role in improving electrocatalysis on noble 
metal-based nanocatalysts. These findings present opportunities and challenges for 
the further exploration of electrocatalysts based on hierarchical aerogels with bene-
ficial shape/structure/alloy effects. To fully implement these concepts, novel strate-
gies for the synthesis of aerogels (especially for the gelation/destabilization process) 
are highly needed. 
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Even though aerogels has been achieved from several kinds of metal NCs, a possi-
ble mechanism of the gel formation is still missing and an in-depth understanding 
of the gelation kinetics is desired. Unraveling these issues is essential to achieve 
further breakthroughs in the development of hierarchical aerogels from various me-
tallic components. The inheritance of “catalytic or sensing genes” from the starting 
building blocks has been well demonstrated in the field of electrocatalysis. However, 
the heterogeneous catalytic properties of metal NCs, e.g. steam reforming on Ni, 
hydrodesulfurization on Mo/Co, ethylene oxide synthesis on Ag, etc., remain unex-
plored and indicate huge potential for further design of aerogel catalysts. Moreover, 
catalytic properties of metal oxide NCs, e.g. ammonia synthesis on iron oxide, CO2 
hydrogenation on Cu/ZnO, etc., also provide numerous opportunities for the design 
of hierarchical aerogels for heterogeneous catalysis. In addition, facile synthesis 
strategies that can be scaled up in a low-cost way are also indispensable for the 
practical applications of aerogels. 
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NC  Nanocrystal 
NP  Nanoparticle 
3D  Three-dimensional 
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